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PREFACE 

This survey and bibliography on attainment of laminar flow in air through 
the use of favorable pressure gradient and suction consists of two volumes. 
Volume I contains the survey, summaries of data for both ground and flight 
experiments, and abstracts of referenced reports. Volume I1 (NASA TM-80108) 
comprises a bibliography and abstracts of the restricted and classified laminar 
flow control (LFC) literature. The first author conducted the survey and com- 
piled summaries of data, and the second author compiled the bibliography. A 
selected bibliography of laminar flow control reports available to NASA person- 
nel only can be secured upon request from the Scientific and Technical Informa- 
tion Facility by asking for BIB-79-01. An index of authors is found at the end 
of this volume. 
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6 .  INTRODUCTION 

A long-standing research  emphasis upon reducing a i r c r a f t  d rag  ( e - g . ,  r e f .  1) 
received added impetus from the  cu r r en t  and p ro j ec t ed  energy c r i s i s  ( e .g . ,  
r e f s .  2 and 3 ) .  Laminar flow technology o f f e r s  t he  p o s s i b i l i t y  of  providing a  
s i g n i f i c a n t  increase  i n  a i r c r a f t  f u e l  e f f i c i ency  (25 t o  40 percent  depending 
upon the degree of app l i ca t ion )  f o r  long-range conventional take-off and landing 
(CTOL) a i r c r a f t .  The p r e s e n t  NASA e f f o r t s  i n  the  a r ea  of n a t u r a l  and forced 
laminar flow (Energy E f f i c i e n t  Transport (EET) and Laminar Flow Control (LFC) 
po r t ions  of A i r c r a f t  Energy Eff ic iency  Program ( A C E E ) ,  r e spec t ive ly  ( r e f .  3 ) )  
address  c e r t a i n  c r i t i c a l  unknowns (suc t ion  LFC f o r  s u p e r c r i t i c a l  wings, n a t u r a l  
laminar flow p o s s i b i l i t i e s  us ing  l a t e s t  numerical design t o o l s ,  ma in t a inab i l i t y ,  
r e l i a b i l i t y ,  impact of new ma te r i a l s  and f a b r i c a t i o n  techniques,  system optimi- 
za t ion ,  e t c . )  , b u t  f o r  maximum r e t u r n  from t echn ica l  research  investment,  the 
new programs m u s t  be c a r r i e d  o u t  with f u l l  recogni t ion  of the  ex tens ive  previous 
e f f o r t s ,  both ground and f l i g h t .  Since the  p re sen t  renewed laminar flow empha- 
sis comes a f t e r  a  nea r ly  10-year h i a t u s  i n  t he  f i e l d ,  and the  previous laminar 
research  encompassed cons iderable  depth, b readth ,  t ime, and expense, it was 
bel ieved t h a t  a  b r i e f  survey and bibl iography of laminar flow works might be of  
some use. In  p a r t i c u l a r ,  t h e  f i r s t  author sought t o  unearth f l i g h t  o r  low d i s -  
turbance tunnel  da t a  s u i t a b l e  f o r  " ca l ib ra t ion"  of advanced s t a b i l i t y  t h e o r i e s  
( r e l a t i n g  theory t o  a c t u a l  t r a n s i t i o n  loca t ion ,  e . g . ,  r e f .  4 ) ,  

Laminar flow con t ro l  f o r  CTOL wing app l i ca t ion  has been the  sub jec t  of many 
review a r t i c l e s ,  probably because of i t s  tremendous promise and p r a c t i c a l  d i f f i -  
c u l t i e s .  Sect ion 111 of the  p re sen t  survey i s  an at tempt  t o  summarize the more 
cogent r e s u l t s  and recommendations of these  various reviews, and t o  provide a  
perspec t ive  on the  r e s u l t s  from 40 years  of laminar flow con t ro l  technology. 

Sect ion I V  i s  a  summary of much of the  ava i l ab l e  low stream dis turbance 
d a t a  s u i t a b l e  f o r  c a l i b r a t i o n  of advanced s t a b i l i t y  t heo r i e s  ( r e l a t i n g  s t a b i l i t y  
theory t o  t r a n s i t i o n  loca t ion  using a  d is turbance  amplitude o r  a  s i m i l a r  c r i -  
t e r i o n ) .  Most of the  d a t a  s e l e c t e d  were taken i n  f l i g h t .  However, p r o p e l l e r  
no i se ,  sur face  v i b r a t i o n ,  roughness, e t c . ,  may s t i l l  be p re sen t .  The Ames 
12-Foot Pressure Wind Tunnel was, according t o  re ference  5 ,  the  lowest d i s t u r -  
bance f a c i l i t y  ava i l ab l e  which was s u i t a b l e  f o r  three-dimensional wing LFC 
research;  t he re fo re ,  swept wing da t a  from t h a t  f a c i l i t y  a r e  a l s o  included.  
Taken a s  a  whole, the  d a t a  subsume v a r i a t i o n s  i n  (1) speed, ( 2 )  sweep, (3)  lami- 
na r i za t ion  technique (pressure  gradien t ;  suction-porous, s l o t t e d ,  o r  per fora ted ;  
curva ture ,  e t c . ) ,  (4) geometry (wing, axisymmetric body),  (5) su r f ace  waviness 
o r  f i n i s h ,  and (6)  p r o p e l l e r  s l ips t ream (with o r  without)  , Some of these da t a  
were used i n  the o r i g i n a l  A ,  M. 0 ,  Smith and Gaxnberoni work on the  e9  method 
( r e f .  61, b u t  the  a n a l y s i s  u t i l i z e d  simple p a r a l l e l  l i n e a r  s t a b i l i t y  theory and 
s i m i l a r  boundary-layer p r o f i l e s .  A l a t e r  version of t he  work ( r e f .  7 )  u t i l i z e d  
mainly tunnel  da ta ;  i . e . ,  much of the  f l i g h t  d a t a  included o r i g i n a l l y  i n  the  
ana lys i s  of re ference  6 was ev ident ly  not  included i n  re ference  8 .  There e x i s t s  
a  c l e a r  need f o r  an updated study of t h e  r e l a t i o n s h i p  between s t a b i l i t y  theory 
and t r a n s i t i o n  using the l a t e s t  t o o l s  (nonparal le l  s t a b i l i t y  theory ,  nonsimilar 



boundary-layer c a l c u l a t i o n s )  and d a t a  with t h e  lowest  background d is turbance  
l e v e l s  p o s s i b l e .  The i d e n t i f i c a t i o n  and c o l l e c t i o n  of such d a t a  was one of  t h e  
p r i n c i p a l  motivat ions f o r  beginning the  p re sen t  bibl iography.  Once t h e  s t a -  
b i l i t y  theory i s  c a l i b r a t e d ,  t he  method can be used t o  optimize p re s su re  g rad i -  
e n t  and suc t ion  amount and d i s t r i b u t i o n  f o r  LFC, 

Sect ion V i nc ludes  information,  much of  it q u i t e  e a r l y ,  which may be of  
some immediate use a s  background ma te r i a l  f o r  LFC app l i ca t i ons .  Topics inc lude  
roughness, suc t ion  sur face  conf igura t ion ,  nonmetal l ic  ma te r i a l s  f o r  su r f ace  
smoothness, t he  i n s e c t  contamination problem, a l t e r n a t e  s t r u c t u r a l  and suc t ion  
concepts,  experimental methodologies, no ise  e f f e c t s ,  high l i f t ,  and environ-  
mental e f f e c t s .  

Sect ion V I  i s  a  summary of  much of t h e  ground experimental information.  
Due t o  t h e  extreme s e n s i t i v i t y  of  LFC t o  s t ream d is turbances  (flow q u a l i t y ) ,  
t h i s  information is o f t e n  of l im i t ed  usefu lness ,  a s  problems can appear i n  
ground t e s t i n g  which a r e  e i t h e r  nonexis ten t  o r  much l e s s  severe i n  f l i g h t .  How- 
eve r ,  some of  t h e  ground experiments a r e  documented f a i r l y  completely ( i nc lud ing  
stream d is turbance  l e v e l ,  s p e c t r a ,  wal l  waviness, e t c . )  and the re fo re  could be . 
used i n  conjunct ion with s t a b i l i t y  theory t o  develop an a n a l y t i c a l  t o o l  f o r  
e s t ima t ing  s t ream and sur face  d i s turbance  e f f e c t s  upon LFC performance. Also, 
because d e t a i l e d  d a t a  a r e  more e a s i l y  ob ta inable  i n  ground f a c i l i t i e s  (where 
redundant measurements and accuracy checks a r e  p o s s i b l e ) ,  these  ground t e s t  d a t a  
contain a  wealth of  i n t e r e s t i n g  phenomonology and flow phys ics ,  a s  we l l  a s  p rac-  
t i c a l  experience i n  making the  LFC system work f o r  what i s  e s s e n t i a l l y  a  h o s t i l e  
environment. 

Sec t ion  V I I  con ta ins  some of t h e  t h e o r e t i c a l  work necessary f o r  des ign ,  
ana lys i s ,  and opt imiza t ion  of LFC systems. Recent developments, p a r t i c u l a r l y  
i n  app l i ca t i on  of  numerical procedures and computer technology, have supplanted 
much of t h e  e a r l y  a n a l y t i c a l  research ,  notably t he  i n t e g r a l  boundary-layer pro-  
cedures.  Therefore ,  t h i s  t h e o r e t i c a l  s ec t i on  is  n o t  h i s t o r i c a l l y  complete, 
p a r t i c u l a r l y  with r e s p e c t  t o  t he  e a r l i e r  a n a l y t i c a l  techniques.  

The two a reas  of n a t u r a l  laminar flow (pressure  g rad i en t )  and suc t ion  
laminar flow con t ro l  a r e  t r e a t e d  i n  t h i s  survey a s  e s s e n t i a l l y  one s u b j e c t ,  
based upon t h e  fol lowing reasoning: (1) favorable  pressure  g rad i en t  i s  a s  much 
a  con t ro l  device a s  suc t ion  ( i . e . ,  t he  flow over  a  laminar flow wing i s  no more 
n a t u r a l l y  laminar than on a  suc t ion  wing) ,  ( 2 )  t h e  c r i t i c a l  i s s u e  f o r  appl ica-  
t i o n  i s  the  same i n  both approaches, in f luence  of sur face  waviness and rough- 
ness  and t h e  a s soc i a t ed  ma in t a inab i l i t y  problems (although t h e  p re s su re  g rad i en t  
con t ro l  case i s  somewhat more s e n s i t i v e  than d i s t r i b u t e d  s u c t i o n ) ,  and ( 3 )  i n  
many a p p l i c a t i o n s ,  t h e  two approaches can perhaps be combined i n t o  an optimized 
system. Cooling could a l s o  be used a s  a  laminar flow con t ro l  technique,  b u t  i s  
no t  included a s  such i n  t h i s  survey and bibl iography.  

The re fe rence  numbers used i n  t he  t e x t  of t h i s  r e p o r t  a r e  t h e  same a s  t h e  
bibl iography e n t r y  numbers. Information regard ing  the  a v a i l a b i l i t y  of  t h e  
b ib l i og raph ic  c i t a t i o n s  i s  found on pages 58 and 59. 



11. SYMBOLS 

disturbance amplitude 

ratio of amplitude to wavelength 

skin-friction coefficient 

lift coefficient 

surface pressure coefficient 

chord 

section drag coefficient 

pressure gradient 

wetted surface length 

Mach number 

logarithm of the disturbance amplitude ratio 

Reynolds number 

Reynolds number based on wetted surface length 

slot width 

thickness-to-chord ratio 

velocity 

rms velocity fluctuation 

wall suction velocity 

maximum cross-flow velocity 

transition location 

angle of attack 

wave number 

boundary-layer thickness 

displacement thickness 

sweep angle 

dynamic viscosity 



Subsc r ip t s  : 

c chord 

c r i t  , c r i t i c a l  

e  l o c a l  externa- l  t o  boundary l a y e r  

1 l o c a l  

min minimum 

x l eng th  t o  t r a n s i t i o n  

6 boundary - layer  t h i cknes s  

0  cond i t i ons  a t  n e u t r a l  curve 

co f r e e  s t ream 

H i s t o r i c a l  Perspec t ive  

Table I ( a )  summarizes t h e  major c o u n t r i e s ,  o rgan iza t ions ,  and r e sea rche r s  
involved i n  LFC re sea rch ,  A s  i n d i c a t e d ,  t h e  p re s su re  g rad i en t  c o n t r o l  work 
began i n  t h e  United Kingdom, Germany, and the  United S t a t e s  during t h e  1 9 3 0 f s ,  
wi th  some a c t u a l  a p p l i c a t i o n s  at tempted du r ing  World War 11. This r e sea rch  
peaked du r ing  t h e  1940 ' s  wi th  t he  NACA 6 - s e r i e s  wings and ref inements  o f  t h e  
G r i f f i t h  wing, b u t  was e s s e n t i a l l y  stopped a s  a  main-line a c t i v i t y  due t o  t h e  
j e t  engine ,  which allowed f l i g h t  speeds i n  t h e  t ransonic / supersonic  range.  To 
ob ta in  reasonable  performance (low compres s ib i l i t y  drag)  i n  t h e  h igh  subsonic  
speed range with 1950's  a i r f o i l s  t he  l o c a l  Mach numbers were k e p t  low, which 
meant f a i r l y  t h i n  wings and apprec iab le  wing sweep. The essence o f  t h e  n a t u r a l  
laminar flow wing i s  a  s e c t i o n  which produces long  runs o f  favorab le  p r e s s u r e  
g rad i en t ,  which damps d is turbance  growth i n  two-dimensional (unswept) boundary 
l a y e r s  ( f i g s .  1 and 2 )  With t h e  i n t roduc t ion  o f  sweep, a  new c l a s s  o f  
boundary-layer i n s t a b i l i t i e s  occurred;  t h i s  was t h e  "cross-flow" problem, which 
was a c t u a l l y  aggravated ( r a t h e r  than helped)  by a  favorab le  p re s su re  g rad i en t .  
So the  n a t u r a l  laminar flow wing, with i t s  major problems of roughness and 
waviness ( R  & W ) ,  i n s e c t  contamination, maintenance, micro su r f ace  damage, e t c . ,  
s t i l l  unresolved,  was e s s e n t i a l l y  s e t  a s i d e  i n  favor  of suc t ion .  Suc t ion  i s  
a  much more complicated scheme, b u t  i t  i s  necessary  f o r  con t ro l  of  c r o s s  flow. 
Research on s e v e r a l  of t h e  o r i g i n a l  problems d i d  cont inue ,  notably t h e  NACA 
work on s u r f  ace roughness c r i t e r i a .  

Laminar flow suc t ion  research  began only a s h o r t  while  a f t e r  t h e  n a t u r a l  
laminar flow work, b u t  t he  e f f o r t  dur ing  t h e  1940% was a t  a  comparatively Low 

'Figure 1 i s  from reference 9, 
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l e v e l .  However, once t h e  d i f f i c u l t i e s  with t h e  p re s su re  g rad ien t  c o n t r o l  a i r -  
f o i l s  became apparent ,  cons iderable  research  was concentrated on t h e  suc t ion  
approach, which could be used on swept wings. (See f i g .  3 f o r  d e t a i l  o f  t y p i c a l  
suc t ion  model. ) The suc t ion  research  ( t a b l e  I (b )  ) sys t ema t i ca l ly  i d e n t i f i e d  and 
solved va r ious  problems a s soc i a t ed  wi th ,  f o r  example, f a c i l i t y  d i s tu rbances ,  
suc t ion  s u r f a c e  conf igu ra t ion ,  and sweep ( inc lud ing  spanwise contaminat ion) .  
The suc t ion  work culminated i n  t h e  middle 1960's  wi th  two f l i g h t  experiments on 
swept wings, one B r i t i s h  ( a t  Cranf ie ld)  and one American ( t h e  X-21) . Basic  
t echn ica l  f e a s i b i l i t y  of LFC was c e r t a i n l y  shown, even t o  q u i t e  high Reynolds 
numbers ( e . g . ,  f i g s .  4  and 5 ) .  

The nex t  l o g i c a l  s t e p  was opt imiza t ion  of  t h e  system and ob ta in ing  t h e  a l l  
important  p r a c t i c a l  d a t a  on ma in t a inab i l i t y  and r e l i a b i l i t y .  However, l ack  of  
a  DOD mission,  r e l a t i v e l y  low c o s t  of f u e l  and the  ex igencies  of t he  Southeas t  
Asian c o n f l i c t  e s s e n t i a l l y  stopped t h e  American work, and the  genera l  d e b i l i t a -  
t i o n  of t h e  Engl i sh  economy d i d  t h e  same t o  t h e  U.K. e f f o r t .  Therefore,  t h e r e  
was a  h i a t u s  i n  LFC work f o r  nea r ly  10 yea r s  except  f o r  b a s i c ,  p r imar i ly  theo- 
r e t i c a l  e f f o r t s ,  much of  which was Russian work. 

The energy c r i s i s ,  a long with advances i n  a l l i e d  technologies  ( f a b r i c a t i o n  
techniques,  m a t e r i a l s ,  a i r f o i l  d e s i g n ) ,  r e s u r r e c t e d  suc t ion  LFC. Along wi th  
the  problems of  m a i n t a i n a b i l i t y ,  r e l i a b i l i t y ,  damage p r o t e c t i o n ,  i n s e c t  impinge- 
ment, e t c . ,  l e f t  over  from t h e  incomplete 1960's r e sea rch ,  t he  a p p l i c a t i o n  of  
suc t ion  LFC i n  t h e  1970's  has  a  whole new a r e a  of research  needs which a r e  con- 
nected wi th  a p p l i c a t i o n  t o  s u p e r c r i t i c a l  wings. P a r t i c u l a r  problem a r e a s  
inc lude  e f f e c t s  of concave curva ture  and p o s s i b l e  downstream contamination from 
suction-induced d i s tu rbances  produced i n  l o c a l  flow reg ions  of Mach number 
g r e a t e r  than one. A s  can be seen from t a b l e  I (b)  , many groups have p a r t i c i p a t e d  
i n  t h e  development of  LFC, and many Lessons have been learned.  The p r e s e n t  su r -  
vey and b ib l iography i s  meant t o  focus a t t e n t i o n  on t h i s  previous work and make 
it more e a s i l y  a c c e s s i b l e  t o  LFC re sea rche r s  and p r a c t i t i o n e r s .  

Reviews and Evaluat ive Summaries 

A s  s t a t e d  i n  t h e  In t roduc t ion ,  LFC has provided s u b j e c t  mat te r  f o r  mul t i -  
tudinous reviews. These reviews a r e  surveyed and d iscussed  he re in  a s  a  source 
of consensus and a s  a  convenient method of provid ing  t h e  reader  wi th  a  broad 
e n t r y  i n t o  t h e  LFC l i t e r a t u r e .  

T rans i t i on . -  Laminar flow c o n t r o l ,  whether a t t a i n e d  through p re s su re  gradi -  
e n t  o r  s u c t i o n  ( o r  a  combination t h e r e o f ) ,  i s  e s s e n t i a l l y  a  d e l i c a t e  s t a b i l i t y  
and t r a n s i t i o n  problem. Therefore,  t he  LFC p r a c t i t i o n e r  should have some famil-  
i a r i t y  wi th  t h e  boundary-layer t r a n s i t i o n  f i e l d  i n  genera l ,  and i n  p a r t i c u l a r  
with the  b a s i c  e f f e c t s  of p re s su re  g r a d i e n t ,  s u c t i o n ,  curva ture ,  t h ree -  
dimensional ( c ros s  flow) and s tream o r  su r f ace  d is turbances .  References 7 and 
10 t o  2 2  comprise a  reasonably complete c r o s s  s ec t ion  of review papers  i n  t h e  
t r a n s i t i o n  a rea .  A comprehensive manuscript on t r a n s i t i o n  i s  c u r r e n t l y  under 
p repa ra t ion  by M. V. Morkovin. 

Experimental research  a t  t he  National  Bureau of Standards dur ing  t h e  L940's 
(us ing  a low-stream dis turbance  f a c i l i t y )  confirmed t h e  v a l i d i t y  of  convent ional  



l i n e a r  s t a b i l i t y  theory f o r  the  e a r l y  s tages  of the  t r a n s i t i o n  process a t  f l a t -  
p l a t e  condit ions ( r e f .  7 ) .  From t h i s  worlc and o the r  comparisons with da ta  
(e .g . ,  r e f .  11), the  conclusion i s  t h a t  s t a b i l i t y  theory can be used t o  p r e d i c t  
the  influence ( t rends)  of varbous boundary condit ion modifications upon boundary- 
l aye r  t r a n s i t i o n .  For the two-dimensional case,  suct ion ,  favorable pressure  
gradient ,  compress ib i l i ty ,  and wall  cooling ( i n  a i r )  a l l  provide s t a b i l i z a t i o n  
and thus longer runs of laminar flow. In jec t ion ,  adverse pressure g rad ien t ,  
heat ing ( i n  a i r ) ,  roughness, concave curvature,  and free-stream disturbances 
( r e f .  11) a r e  des tab i l i z ing  ( f i g .  6)  . 

Detai led measurements a t  the  National Bureau of  Standards ( r e f .  12) ind i -  
c a t e  t h a t  the  t r a n s i t i o n  process cons i s t s  of a  s e r i e s  of s tages  s t a r t i n g  with 
laminar flow. Linear amplif icat ion of small disturbances occurs next  (above a  
lower c r i t i c a l  Reynolds number), followed by nonlinear  development and three-  
dimensionalization of the  l i n e a r  waves, and f i n a l l y  break down i n t o  tu rbu len t  
b u r s t s  o r  spots .  The commencement of spot  formation i s  the  usual d e f i n i t i o n  of 
" t r ans i t ion . "  The l i n e a r  ampl i f ica t ion  region general ly has a  much l a r g e r  
longi tudinal  ex ten t  than the  nonlinear  por t ion .  For laminar flow con t ro l  appl i -  
ca t ions  one general ly s t r i v e s  f o r  a  s i t u a t i o n  where some amplif icat ion occurs, 
bu t  not  enough f o r  the flow t o  be nonlinear  and hence overly s e n s i t i v e  ( sub jec t  
t o  ca tas t roph ic  behavior) .  Therefore, s t a b i l i t y  theory has considerable appl i -  
ca t ion  t o  the  LFC problem. S u f f i c i e n t  cont ro l  (by suct ion ,  pressure gradient ,  
e t c . )  t o  completely damp a l l  disturbances (operat ion a t  o r  below the  lower 
c r i t i c a l  Reynolds number o r  n e u t r a l  curve) leads t o  unnecessarily l a rge  per-  
formance p e n a l t i e s ,  although some e a r l y  systems s tud ies  were predica ted  upon 
such an assumption (maintaining the  flow below the  lower c r i t i c a l  Reynolds 
number) . 

Reference 6 cons t i tu tes  some of the  c l a s s i c  work r e l a t i n g  t r a n s i t i o n  t o  
s t a b i l i t y  theory. This is  the  famous en method, which u t i l i z e s  the  n a t u r a l  log 
of the  in teg ra ted  disturbance amplitude r a t i o  A/Ao, where A. i s  the  value on 
the  lower branch of the  neu t ra l  curve and A i s  the  l o c a l  amplitude a t  t r a n s i -  
t i o n  from l i n e a r  theory. Comparison with experiment ind ica tes  t h a t  a  value of  
around 9 f o r  t h i s  na tu ra l  logarithm c o r r e l a t e s  s t a b i l i t y  theory with a  g r e a t  
deal  of d a t a ,  including e f f e c t s  of pressure g rad ien t ,  wall  temperature, and con- 
cave curvature.  However, many of these co r re la t ions  of s t a b i l i t y  theory with 
experiment were performed using e a r l y  forms of both the  s t a b i l i t y  and boundary- 
l aye r  t h e o r i e s ,  and hence should be rechecked. 

An o v e r a l l  f e e l  f o r  the  t r a n s i t i o n  process and s e n s i t i v i t i e s  can be 
obtained from Morkovin's reviews ( r e f s .  13 and 1 8 ) .  Although the  emphasis i n  
reference 18 i s  on the  compressible case,  both summaries include valuable 
i n s i g h t s  i n t o  the  physical  processes. Of p a r t i c u l a r  importance i s  the  Morkovin 
p r i n c i p l e  of "dominant and mult iple responsib i l i ty1 '  f o r  t r a n s i t i o n .  The essen- 
t i a l  idea  i s  t h a t  t r a n s i t i o n  i s  a  function of such a  multitude of va r i ab les  t h a t  
once the  dominant var iable  i s  suppressed ( i - e . ,  general ly stream disturbances i n  
the  wind tunnel ,  noise,  o r  roughness i n  f l i g h t ) ,  a  new var iable  becomes dominant 
and must, i n  t u r n ,  be suppressed. The LFC p r a c t i t i o n e r  should be prepared f o r  
su rp r i ses .  

The survey of reference 14 provides a  very useful  summary of roughness 
s e n s i t i v i t i e s  a s  of 1959. More recent  references f o r  roughness problems w i l l  



be given i n  a l a t e r  po r t ion  of t h i s  survey. Cross-flow e f f e c t s  ( a  s i g n i f i c a n t  
i n s t a b i l i t y  mechanism i n  swept-wing flows) a r e  d iscussed  i n  r e f e rences  16 
and 17. Reference 4 p r e s e n t s  an updated approach t o  t he  cross-flow problem 
which i s  of cons iderable  importance f o r  t he  p r e s e n t  ( l a t e  1970's) LFC app l i ca -  
t i o n  e f f o r t  on a i r c r a f t ,  Of p a r t i c u l a r  i n t e r e s t  i n  re ference  17 i s  t h e  d i s -  
cussion of combined e f f e c t s ,  i n  t h i s  case  three-dimensional roughness and wa l l  
cool ing  i n  a i r .  Although theory i n d i c a t e s  t h a t  wa l l  cool ing i s  s t a b i l i z i n g ,  
experiment i n d i c a t e s  t h a t  boundary-layer cool ing  aggrava tes  t h e  adverse th ree -  
dimensional roughness e f f e c t s  and the  n e t  cool ing  e f f e c t  i s  d e s t a b i l i z i n g  i n  
t he  presence o f  three-dimensional roughness. This i s  another  example o f  domi- 
nant  and mul t ip l e  r e s p o n s i b i l i t y .  References 16 and 20  d i scuss  t r a n s i t i o n  pre-  
d i c t i o n  techniques ( e s s e n t i a l l y  d a t a  c o r r e l a t i o n s )  while  re ference  2 1  summarizes 
high-speed f l i g h t  t r a n s i t i o n  d a t a  on cones and m i s s i l e - l i k e  con f igu ra t ions .  

Laminar flow con t ro l  - favorable  p re s su re  g rad ien t . -  Much of  t h e  informa- 
t i o n  on favorable  p re s su re  g r a d i e n t  LFC a i r f o i l s  i s  summarized i n  r e f e rences  23  
t o  46. Research i n d i c a t e s  t h a t  long runs of laminar flow a r e  p o s s i b l e  on bodies  
of r evo lu t ion  a s  we l l  a s  a i r f o i l s ,  p rovid ing  t h a t  s t ream o r  e x t e r n a l  d i s t u r -  
bances a r e  low enough (and n o t  i n  an unfavorable  frequency range) and t h a t  w a l l  
waviness and roughness a r e  unusually small  (roughness Reynolds number on t h e  
o r d e r  of 300) .  For high f ineness  r a t i o  bodies  of  r evo lu t ion  t h e  maximum t r a n s i -  
t i o n  Reynolds number achieved was on the  o r d e r  of  6.5 x l o 6  ( r e f .  4 4 ) .  For low 
f ineness  r a t i o  bodies  and a i r f o i l s ,  laminar runs  wi th  Reynolds number on t h e  
o rde r  of  20 x lo6 a r e  p o s s i b l e  ( r e f s .  34 and 44) .  

The requirement  f o r  su r f ace  smoothness and vanishing small  waviness cannot 
be overemphasized. I t  i s  t h e  c e n t r a l  theme throughout t he  LFC l i t e r a t u r e  (both 
n a t u r a l  and forced)  and i s  probably one of t h e  most p reva len t  arguments a g a i n s t  
adoption of LFC on ope ra t iona l  systems, e s p e c i a l l y  f o r  multipurpose a p p l i c a t i o n s  
(such a s  CTOL t r a n s p o r t  a i r c r a f t ) .  These mult ipurpose a i r c r a f t  a r e  sub jec t ed  t o  
d i r t  and d u s t  i n  t h e  a i r p o r t  and runway environment, a s  wel l  a s  r a i n ,  i c e  clouds,  
i n s e c t  impingement, and d i s t o r t i o n  under aerodynamic and perhaps Sun loads .  They 
a l s o  have su r f ace  anomalies a s soc i a t ed  with f l a p s ,  l i g h t s ,  a t tachments ,  wing 
access  ha tches ,  e t c .  Therefore,  probably t h e  most important  LFC problem a r e a  i s  
the  product ion  and maintenance of su r f aces  wi th  app ropr i a t e  roughness and wavi- 
ness  ( c r i t e r i a  o u t l i n e d  i n  s e c t i o n  I V ) .  The c r i t e r i a  cu r r en t ly  a v a i l a b l e  a r e  
probably somewhat conserva t ive ,  a s  they a r e  p r imar i ly  a r e s u l t  o f  wind-tunnel 
d a t a  (where s t ream dis turbances  may exacerbate  roughness problems) r a t h e r  than  
f l i g h t .  Obviously a lower u n i t  Reynolds number (h igher  a l t i t u d e )  can reduce 
t h e  roughness problem, a s  a l a r g e r  roughness can be t o l e r a t e d  ( f i g .  7 ) .  

Jones,  i n  t h e  f i r s t  Wright Brothers  Lecture (1938) was ev iden t ly  one of 
t he  f i r s t  t o  conclude, from f l i g h t  t r a n s i t i o n  experiments ( r e f .  2 3 ) ,  t h a t  atmo- 
sphe r i c  tu rbulence  was n o t  a s e r i o u s  t h r e a t  t o  laminar iza t ion .  T rans i t i on  i n  
f l i g h t  seemed t o  be determined by vehicle-generated d is turbances  ( v i b r a t i o n ,  
propuls ion  no i se ,  roughness, waviness,  s t e p s ,  gaps,  s epa ra t ions ,  e t c .  ) . A s  of  
1939 ( r e f .  2 4 ) ,  t h e  s t a t e  of t he  a r t  i n  n a t u r a l  laminar flow a i r f o i l s  was r e l a -  
t i v e l y  advanced. (NACA research  had obtained laminar  flow up t o  Reynolds num- 
b e r s  of  6 x lo6  from low dis turbance  tunnel  d a t a . )  Successful  f l i g h t  t e s t s  o f  
these  a i r f o i l s  i n  1940 ( r e f ,  25)  again revea led  a theme f a m i l i a r  i n  LFC 
research  : 



" these  [ f l i g h t ]  t e s t s  have demonstrated t h a t  marked turbulence e f f e c t s  
e x i s t  even i n  t h e  low turbulence  tunnel"  [ i n  an e a r l y  con f igu ra t ion ,  
n o t  down t o  f i n a l  d i s turbance  l e v e l s ] ,  "with t h e  r e s u l t  t h a t  t he  d r a g  
inc rease  with Reynolds Number i s  shown by a l l  wind-tunnel t e s t s  t o  
occur  a t  much too  low a Reynolds Number. The p r a c t i c a l  r e s u l t  i s  
t h a t  t h e  a i r f o i l s  now appear t o  be useable  a t  a Reynolds Number o f  
t h e  o rde r  of twice t h a t  prev ious ly  thought t o  l i m i t  t h e i r  usefu lness"  
( r e f .  25) . 
La te r  NACA f l i g h t  t e s t s  i n d i c a t e d  l e s s  dramatic  r e s u l t s ,  and the  d i f f i -  

c u l t i e s  were ascr ibed  t o  waviness induced by aerodynamic loading i n  f l i g h t  
( r e f .  27) . Reference 28 provides  a summary o f  t he  NACA r e s u l t s  up t o  1945 and 
concludes t h a t  " the  e f f e c t s  of su r f ace  condi t ion  on the  l i f t  and drag  charac- 
t e r i s t i c s  a r e  a t  l e a s t  a s  l a r g e  a s  t he  e f f e c t s  of t he  a i r f o i l  shape." This  
r e p o r t  ( r e f .  28) i s  extremely d e t a i l e d ,  s t i l l  widely used, and inc ludes  t h e  
famous NACA 6 - se r i e s  low drag  a i r f o i l s .  A l l  of t h i s  research  i s  e s s e n t i a l l y  f o r  
unswept and subsonic condi t ions .  German work on laminar flow s e c t i o n s  was con- 
s ide rab ly  behind t h e  NACA work ( r e f  s. 29, 30, and 32) , b u t  t he  Japanese were 
f a i r l y  we l l  advanced ( r e f .  33) , i nc lud ing  f l i g h t  t e s t s  (1940) . 

The B r i t i s h ,  s t a r t i n g  somewhat l a t e ,  proved laminar flow up t o  a Reynolds 
number of 18 x l o 6  on the  King Cobra ( r e f s .  31 and 34) and u l t ima te ly  developed 
the  G r i f f i t h  approach. Care should be taken when reading  t h e  G r i f f i t h  l i t e r a -  
t u r e  t o  d i f f e r e n t i a t e  between G r i f f i t h  suc t ion  wings and suc t ion  LFC. I n  t he  
former case  the  suc t ion  was used ( i n  l a t e r ,  more r e a l i s t i c  des igns)  t o  prevent  
s epa ra t ion  and provide some c i r c u l a t i o n  c o n t r o l ,  r a t h e r  than l o c a l l y  promote 
laminar flow ( r e f .  31) . Since the  G r i f f i t h  type design opt imizes LFC through a 
combination of increased  th i ckness  and suc t ion  and concave curva ture  s epa ra t ion  
c o n t r o l ,  t h e  c r i t i c a l  Mach number is  q u i t e  low (tremendous expansion over  upper 
su r f ace ;  thickness-to-chord r a t i o  t / c  of approximately 30 t o  40 p e r c e n t ,  with 
maximum th i ckness  a t  approximately 70-percent chord) .  Also, i f  one t r i e s  t o  
a l l e v i a t e  t h e  c r i t i c a l  Mach number r e s t r i c t i o n  by wing sweep, t he  favorable  
p re s su re  g r a d i e n t  region becomes d e s t a b i l i z i n g  due t o  c r o s s  flow and t h e  s e c t i o n  
i s  probably more unfavorable f o r  LFC than more convent ional  p r o f i l e s .  Therefore 
t he  G r i f f i t h  work has app l i ca t ion  only t o  a l i m i t e d  range of parameters  (low 
sweep, r e l a t i v e l y  low Mach number). * 

The premier  summary of  much of t he  G r i f f i t h  work was done by Goldstein 
( r e f .  3 4 ) ,  whose purpose was t o  f i l l  i n  d e t a i l s  l e f t  o u t  of re ference  31. (See 
r e f .  48 f o r  developments a f t e r  Go lds t e in ' s  survey.) Goldstein g ives  r e l a t i v e l y  
complete r e s u l t s  on the  King Cobra and Hurricane experiments,  a s  we l l  a s  t h e  
G r i f f i t h  wing work. (See r e f s .  36 and 37 f o r  f u r t h e r  King Cobra and Hurricane 
d e t a i l s . )  Some a c t u a l  f l i g h t  LFC maintenance information on smooth s u r f a c e s  
was obta ined  i n  t he  King Cobra program, with the  only s e r i o u s  problem noted 
being due t o  i n s e c t  impingement. However, a t  h igher  a l t i t u d e s  (above 6096 m 
(20 000 f t ) ) ,  depending upon i n s e c t  spec i e s ,  these  can go " s u b c r i t i c a l "  f o r  
small  sweep angle ( r e f .  4 4 ) -  I t  should be noted t h a t  t he  King Cobra t e s t s  
occurred a t  r e l a t i v e l y  low a l t i t u d e s  (high u n i t  Reynolds number, h igh  roughness 

2 ~ e f e r e n c e  47  provides  background m a t e r i a l  on German wartime research  work 
concerning ~ a ~ a n e h e ,  Russian, and American laminar flow wings. 



s e n s i t i v i t y )  and the re fo re  t h e i r  l ack  of  p a r t i c u l a r  o r  p e c u l i a r  maintenance 
problems over  a  per iod  of 6  months i s  q u i t e  important .  

The Goldstein review of t he  G r i f f i t h  a i r f o i l s  ( r e f .  34) i nc ludes  d i scuss ion  
of t he  T a y l o r - ~ o r t l e r  i n s t a b i l i t y  problem as soc ia t ed  with the  a f t  s u r f a c e  p re s -  
su re  recovery reg ion ,  I t  a l s o  g ives  d e t a i l s  of t h e  s l o t  and duc t ing  des ign .  
F l i g h t  t e s t s  of  G r i f f i t h  wings i n  t he  United Kingdom ( r e f .  36) and A u s t r a l i a  
( r e f s .  35 and 48) i nd ica t ed  cons iderable  s e n s i t i v i t y  t o  s l o t  suc t ion  d e t a i l s  
( s l o t  width and suc t ion  v a r i a t i o n s ,  l e a k s ) .  I t  should be noted t h a t  t h e s e  s l o t s  
were much l a r g e r  than usua l ly  recommended f o r  t h e  "approach-to-dis t r ibuted-  
suc t ion"  case  where c l o s e l y  spaced s l o t s  a r e  used t o  approximate a  porous su r -  
face  e f f e c t .  The i n s e c t  problem i s  a l s o  d iscussed  i n  some d e t a i l  i n  r e f e r -  
ence 36. Most of t he  information on U.K.  low-drag a i r f o i l s  i s  contained i n  
publ i shed  summaries ( r e f s .  38 and 39) . Research s ince  the  1940's  i n  t h e  a r e a  
of LFC wings which a r e  pressure-gradien t  s t a b i l i z e d  has been mainly f o r  unswept, 
low-speed a p p l i c a t i o n s  such a s  s a i l p l a n e s  and g l i d e r s  ( e  . g. , r e f s .  40 and 44) . 

Laminar flow con t ro l  - s u c t i o n ,  non-Northrop. - References 47 and 49 t o  54 
summarize t h e  e a r l y  (pre-1946) research  on suc t ion  LFC. The work of Ho l s t e in  
( r e f s .  47 and 50) , Pfenninger ( r e f s ,  5 1  and 52) , and Von Doenhoff and Lof t in  
( r e f s .  53 and 54) was ev iden t ly  q u i t e  independent.  With t h e  t h r e e  g e n e r i c  
types of suc t ion  su r f aces  t o  choose from (porous, pe r fo ra t ed ,  and s l o t t e d ) ,  a l l  
t h r e e  i n v e s t i g a t o r s  chose s l o t t e d  su r f aces  (al though Hols te in  d i d  t r y  p e r f o r a t e d  
su r f aces  i n  h i s  t h i r d  t e s t ,  with unfavorable r e s u l t s  v i s -a -v is  t h e  s l o t t e d  su r -  
f a c e s ) .  Resul t s  va r i ed ,  due t o  d i f f e r e n c e s  i n  model design and f a c i l i t y  d i s -  
turbance l e v e l ,  b u t  a l l  t h r ee  s t u d i e s  showed cons iderable  l amina r i za t ion  was 
p o s s i b l e  u s ing  s l o t  suc t ion  ( r e f s .  47, 52, and 5 4 ) .  A l l  f i n a l  experiments were 
on a i r f o i l  con f igu ra t ions ,  and t h e  flow was kep t  laminar t o  a t  l e a s t  90-percent 
chord. T rans i t i on  Reynolds numbers obta ined  vary from a s  low a s  3  x l o 6  
( r e f .  51) t o  7  x l o 6  ( r e f .  54) . References 47 and 53 i n d i c a t e  t h a t  t h e  requi red  
suc t ion  q u a n t i t y  was q u i t e  low, b u t  t h a t  e f f i c i e n t  s l o t  flow wi th  low p res su re  
drop was e s s e n t i a l  t o  supe r io r  performance. Reference 52 i s  p a r t i c u l a r l y  
d e t a i l e d  and provides  an e x c e l l e n t  summary ( a s  of  1946) of  t he  genera l  f e a t u r e s  
o f  t r a n s i t i o n  and laminar iza t ion  technology. Of the  e a r l i e r  works on s u c t i o n ,  
r e f e rences  52 and 54 conta in  the  most information.  

I n  s e v e r a l  of the  t e s t s  repor ted  i n  re ference  52, Pfenninger at tempted t o  
make use of  t h e  favorable  p re s su re  g rad ien t  caused by the  "s ink e f f e c t "  which 
occurs  wi th  s l o t  suc t ion .  A. M. 0 .  Smith i n  h i s  1950's  research  a l s o  attempted 
t o  use t h i s  e f f e c t  ( r e f .  55) . The r e s u l t s  from both at tempts  agree .  Increas ing  
the  s ink  e f f e c t  i nc reases  t he  s l o t  Reynolds number and aggravates  t he  usua l  s l o t  
problems such a s  (1) t h i n ,  roughness-sensi t ive boundary l a y e r  downstream of t h e  
s l o t ,  and ( 2 )  d e s t a b i l i z a t i o n  e f f e c t  of concave curva ture  a s soc i a t ed  wi th  flow 
downstream of t h e  s l o t  r e a r  s t agna t ion  region ( r e f .  5 5 ) .  References 53, 54, 
and 56 i n d i c a t e  t h a t  s l o t  suc t ion  d i d  not  decrease the  laminar flow s e n s i t i v i t y  
t o  roughness and waviness. I n  an at tempt  t o  reduce the  s e n s i t i v i t y  t o  su r f ace  
i r r e g u l a r i t i e s  and v a l i d a t e  s t a b i l i t y  theory p r e d i c t i o n s  f o r  continuous suc t ion ,  
t he  next  round of t e s t s  t r i e d  t o  approach a r e a  suc t ion  e i t h e r  through porous 
( r e f s .  56 t o  59) o r  pe r fo ra t ed  ( r e f .  60) s u r f a c e s ,  o r  wi th  c l o s e l y  spaced s l o t s  
( r e f .  61 ) .  The NACA porous suc t ion  experiments were the  f i r s t  t o  show: 



"The minimum experimental va lues  of suc t ion  flow c o e f f i c i e n t  f o r  f u l l -  
chord laminar flow were of  t h e  same order  of magnitude a s  t he  theo- 
r e t i c a l  va lues  and decreased with an increase  i n  Reynolds number i n  
the same manner a s  t h e  t h e o r e t i c a l  va lues .  I t  seems l i k e l y  from the 
r e s u l t s  t h a t  a t ta inment  of  fu l l -chord  laminar flow by means of con- 
t inuous  suc t ion  through a  porous su r f ace  w i l l  n o t  be precluded by a  
f u r t h e r  i nc rease  i n  Reynolds number provided t h a t  t he  a i r f o i l  su r -  
faces  a r e  maintained s u f f i c i e n t l y  smooth and f a i r  and provided t h a t  
outf low of  a i r  through t h e  su r f ace  i s  prevented" ( r e f .  5 9 ) .  

I n  an NACA f l i g h t  t e s t  i n  t he  l a t e  t h i r t i e s  on a  B-18 wing glove,  s l o t  
s u c t i o n  was shown t o  maintain laminar  flow up t o  a  Reynolds number o f  4  x l o6  
( r e f .  6 1 ) .  This  r e s u l t  i s  of s p e c i a l  no te  cons ider ing  t h e  fol lowing r e l a t i v e l y  
unfavorable circumstances: (1) conventional  p r o p e l l e r  engine mounted on t h e  
wing nea r  t h e  test  su r f ace  and i n  opera t ion  during the  t e s t ,  ( 2 )  r e l a t i v e l y  high 
u n i t  Reynolds number, and (3) r e s i d u a l  roughness and high s l o t  Reynolds number. 
I t  should be noted t h a t  i n  e a r l i e r  t e s t s  the  a i r f o i l  had a l ready  i n d i c a t e d  a  
cons iderable  laminar flow region.  

Aside from the  Pfenninger (Northrop) work, t he  f i r s t  comprehensive look a t  
t he  p r a c t i c a l  a spec t s  of  suc t ion  LFC is by Lachmann ( r e f s .  58, 62, and 6 3 ) .  
One of t he  major p o i n t s  i n  re ference  62 i s  t h e  extreme importance of  unit 
Reynolds number vis-a-vis the  roughness s e n s i t i v i t y  problem. A quo ta t ion  from 
reference  62 is:  

"research workers who have s tud ied  laminar boundary l a y e r  flow on l a r g e  
chord models i n  atmospheric low-turbulence tunnels ,  o r  i n  t he  f r e e  
atmosphere, e s p e c i a l l y  i n  t he  s t r a t o s p h e r e ,  a r e  considerably more 
o p t i m i s t i c  about the  p r a c t i c a l  p o s s i b i l i t i e s  of laminar iza t ion  than  
those who have conducted experiments with small  chord models i n  pres -  
s u r i z e d  wind tunnels  . . . t he  e s s e n t i a l  p r e r e q u i s i t e  f o r  laminarized 
a i r c r a f t  i s  a  su r f ace  f i n i s h  t h a t  is compatible with t h e  maintenance 
of a laminar boundary l a y e r  thinned down by suc t ion . "  

Reference 58 f u r t h e r  provides some r a t h e r  p r a c t i c a l  gu ide l ines  f o r  suc t ion  
su r f ace  design.  

Lachmann conducted f l i g h t  s t u d i e s  of h i s  suc t ion  designs ( r e f .  64) us ing  a 
glove on an e s s e n t i a l l y  unswept Vampire wing. The suc t ion  su r f ace  geometry con- 
s i s t e d  of d i s c r e t e  spanwise pe r fo ra t ed  s t r i p s .  These s t r i p s  e s s e n t i a l l y  took 
the p lace  of  t h e  s l o t s  used i n  t h e  corresponding, a l s o  unswept, U.S. f l i g h t  
experiments with the  F-94 ( r e f .  65) . According t o  re ference  64 the  U.K. f l i g h t  
experiments were succes s fu l ,  wi th  an 82-percent reduct ion i n  sk in  f r i c t i o n  over  
t he  t e s t  region.  However, cons iderable  d i f f i c u l t i e s  were encountered wi th  t h e  
performance of t h e  pe r fo ra t ed  s t r i p s .  

A somewhat p a r a l l e l  s e t  o f  f l i g h t  experiments by M. R. Head a t  Farrhorough 
i n  t h e  same time frame (mid f i f t i e s )  , a l s o  on an unswept Vampire using a  porous 
su r f ace ,  produced laminar flow a t  high subsonic speeds up t o  a  Reynolds number 
of nea r ly  30 x l o6  ( r e f s .  66 and 6 7 ) .  These r e s u l t s  a r e  s i m i l a r  t o  those  from 
the F-94 ( r e f .  6 8 ) .  



Sch l i ch t ing  ( r e f .  69) and Van Nes ( r e f .  70) g ive  b r i e f  reviews of LFC up 
t o  1956, while r e f e rences  65,  71, and 72 provide summaries of  EFC research  
endeavors a s  of t he  l a t e  f i f t i e s .  Edwards, who was a t  Handley Page, r e c e n t l y  
authored an ex tens ive  review of LFC ( r e f .  66) covering p a r t i c u l a r l y  t h e  U , K .  
r esearch .  Included i n  re ference  66 i s  some d iscuss ion  of the  f l i g h t  experiments 
a t  Cranf ie ld  on a l a r g e  swept f i n  mounted on the  fuse lage  of Lincoln and 
Lancaster  a i r c r a f t .  These experiments included f i n s  with and without  t a p e r  and 
suc t ion ,  and were a t  r e l a t i v e l y  low speed. The time frame and genera l  o b j e c t i v e  
( f l i g h t  LFC on swept wings) i s  s i m i l a r  t o  t h e  American X-21 program, b u t  t h e  
l a t t e r  was cons iderably  more ambit ious,  with much h ighe r  speed and Reynolds 
number. Of p a r t i c u l a r  i n t e r e s t  i n  t he  Cranf ie ld  experiments i s  t h e  use of a 
l a r g e  number of su r f ace  h o t  f i l m s  f o r  t r a n s i t i o n  d e t e c t i o n .  They proved robus t  
and worked q u i t e  wel l .  The s i g n i f i c a n c e  of t he  spanwise contamination problem 
f o r  swept lead ing  edges previous ly  i d e n t i f i e d  i n  the  United Kingdom became f u l l y  
apprec ia ted  a t  about  t he  same time i n  both these  U.K.  and U.S. (X-21) f l i g h t  
t e s t s  ( l a t e  1963) .  B r i t i s h  LFC work e s s e n t i a l l y  s topped,  a s  d i d  the  American, 
i n  t h e  middle s i x t i e s .  

According t o  re ference  66, one of the  main d i f f i c u l t i e s  with the  Lachmann 
Vampire f l i g h t  s t u d i e s  was the  formation of su r f ace  d i s c o n t i n u i t i e s  a t  t h e  p e r -  
f o r a t e d  s t r i p  - smooth wing junc t ion  under aerodynamic loading i n  f l i g h t .  I n  
f a c t ,  Edwards provides what i s  probably the  b e s t  and most complete gene ra l ly  
a v a i l a b l e  documentation eve r  made of  t he  Handley Page f l i g h t  experiments ,  which 
even tua l ly  achieved laminar iza t ion  t o  a Reynolds number of  15 X l o6  a t  f u l l -  
s c a l e  u n i t  Reynolds number (6.6 x l o 6  p e r  meter (2 x lo6  p e r  f o o t ) ) .  Of p a r t i c -  
u l a r  i n t e r e s t  a r e  comments concerning poss ib l e  s t r o n g  three-dimensional e f f e c t s  
(caused by wing t a p e r )  on what was e s s e n t i a l l y  an unswept wing, and probable 
s t rong  coupling between d i s tu rbances  produced by the  pe r fo ra t ed  hole  p a t t e r n  i n  
t h i s  three-dimensional flow. Edwards g ives  Pfenninger  complete c r e d i t  f o r  iden- 
t i f y i n g  t h e  c o r r e c t  ( r e l a t i v e l y  low) suc t ion  r a t e s  r equ i r ed  t o  c o n t r o l  t he  
growth of cross-flow d i s tu rbances  on swept wings, thereby showing t h a t  the  LFC 
p e n a l t i e s  a s soc i a t ed  wi th  sweep a r e  n o t  unduly l a r g e .  Reference 73 provides  a 
r e c e n t  review of LFC vis-a-vis  t he  NASA ACEE program. 

Laminar flow con t ro l  - s u c t i o n ,  Northrop.- The sheer  magnitude of  t he  
Northrop e f f o r t  on LFC (under Pfenninger)  n e c e s s i t a t e s  a s epa ra t e  s e c t i o n  i n  
t he  p r e s e n t  survey. The Northrop Corporation research  covers  most phases of 
t he  LFC problem inc lud ing  s t r u c t u r e s ,  m a t e r i a l s ,  p ropuls ion ,  aerodynamics, 
a e r o e l a s t i c i t y ,  and i n t e g r a t e d  systems (both experiment and t h e o r y ) .  The e f f o r t  
included two f l i g h t  t e s t s  ( t h e  F-94 and X-21) and covers  approximately 16 t o  
18 years  of research .  Summaries of  t h i s  work a r e  a v a i l a b l e  from journa l  a r t i c l e s  
and conference p r e s e n t a t i o n s  ( r e f s .  5 ,  68, and 74 t o  88) and from Northrop sum- 
mary and p rog res s  r e p o r t s  such a s  r e f e rences  89 t o  121. The fo l lowing  summary 
of  the  USAF and Navy sponsored Northrop LFC research  on s l o t  suc t ion  between 
1949 and 1967 has been paraphrased from reference  5 :  

One hundred pe rcen t  laminar flow was observed on a s l o t t e d  
15 pe rcen t  t h i ck  wing i n  t h e  Langley TDT tunnel  a t  Rc = 16.4 x l o 6 ,  
confirming s l o t  suc t ion  laminar iza t ion  a t  r e l a t i v e l y  high Rc when 
the  e x t e r n a l  turbulence l e v e l  i s  d r a s t i c a l l y  reduced. A p r a c t i c a l  
aerodynamically and s t r u c t u r a l l y  reasonably e f f i c i e n t  LFC s u c t i o n  
method, c l o s e l y  spaced f i n e  s l o t s ,  was developed and subsequently 



app l i ed  t o  a  second F-94 LFC wing glove i n  f l i g h t  - 100 pe rcen t  lami- 
n a r  flow was observed up t o  t h e  F-94 t e s t  l i m i t  (Rc = 37.5 x lo6)  
wi th  M Z  < 1.08.  The t h e o r e t i c a l l y  p r e d i c t e d  boundary-layer s t a b i -  
l i z a t i o n  a.t high Reynolds number by d i s t r i b u t e d  s u c t i o n  was v e r i f i e d  
f o r  axisymmetric bodies  i n  t h e  Ames 12-Foot Pressure  Wind Tunnel 
on an 8 t o  1 f inenes s  r a t i o  Reichardt  LFC body o f  r evo lu t ion  wi th  
114 s u c t i o n  s l o t s  l o c a t e d  between x/Z = 0.03 and 0.99: Complete 
laminar flow was achieved a t  R = 57.8 x l o6 .  I n  t h e  Ames 12-Foot 
Tunnel experiments on a  30° swept modified NACA 66012 LFC wing wi th  
c l o s e l y  spaced s l o t s ,  fu l l -chord  laminar  flow was observed a t  
a = 00, t1° up t o  Rc = 29 x l o6 .  Whenever s t r o n g l y  ampl i f ied  
ob l ique  TS-osc i l la t ions  ( induced,  f o r  example, a t  a 2 lo by f r e e -  
s t ream d i s tu rbances  a s  we l l  a s  e x t e r n a l  o r  i n t e r n a l  d u c t  no i se )  
i n t e r a c t e d  non l inea r ly  wi th  boundary-layer cross-flow d i s tu rbance  
v o r t i c e s ,  l i n e a r i z e d  boundary-layer s t a b i l i t y  theory  ceased t o  be  
v a l i d .  Boundary-layer cross-flow d is turbance  v o r t i c e s  on swept LFC 
wings then became uns tab le  a t  s u b s t a n t i a l l y  lower Reynolds number 
and grew considerably qu i cke r  a s  compared with smal l  d i s tu rbance  
theory .  S t a b i l i z a t i o n  of  t h e  t a n g e n t i a l  boundary-layer component 
a g a i n s t  TS-disturbances through increased  suc t ion  and/or flow acce l -  
e r a t i o n  minimized such non l inea r  i n t e r a c t i o n  and s u b s t a n t i a l l y  r a i s e d  
t h e  pe rmis s ib l e  no i se  l e v e l  on swept LFC wings. 

Large attachment l i n e  d i s tu rbances ,  such a s  a  l a r g e  su r f ace  
roughness o r  an i n i t i a l l y  t u r b u l e n t  boundary l a y e r  a t  t h e  upstream 
end of t h e  wing at tachment  l i n e  (wing-fuselage i n t e r s e c t i o n ) ,  cause 
t r a n s i t i o n  and spanwise t u r b u l e n t  contamination d i r e c t l y  without  t h e  
i n t e rmed ia t e  mechanism of ampl i f ied  boundary-layer o s c i l l a t i o n s .  
Spanwise t u r b u l e n t  contamination can be e l imina t ed  r e l a t i v e l y  e a s i l y  
by l o c a l  leading-edge ex t ens ions ,  leading-edge s u c t i o n  f ences ,  o r  
by removal of  t h e  e n t i r e  t u r b u l e n t  a t tachment  l i n e  boundary l a y e r  
through l o c a l  suc t ion .  A s  v e r i f i e d  i n  t h e  Norair  7- by 10-foot wind 
tunne l  on a  45O swept blunt-nosed wing, a  p a r t i c u l a r l y  high Reynolds 
number can be ob ta ined  by s t a r t i n g  wi th  an undis turbed  laminar i n i t i a l  
a t tachment  l i n e  boundary l a y e r  and s t a b i l i z i n g  by suc t ion  through 
c l o s e l y  spaced v e r t i c a l  nose s l o t s .  

Among suction-induced d i s tu rbances ,  s l o t  wake o s c i l l a t i o n s  down- 
s t ream of  t h e  s l o t  e x i t  i n  t h e  small  spanwise plenum chambers under- - 

vs 
nea th  t h e  s l o t s  a t  s l o t  flow Reynolds numbers - 2 100 induce t h e  v 
flow f l u c t u a t i o n s  v '  a t  t h e  s l o t  i n l e t ,  which, i n  t u r n ,  e x c i t e  
ampl i f ied  boundary-layer o s c i l l a t i o n s  on t h e  e x t e r n a l  LFC s u r f a c e s  
t o  cause premature t r a n s i t i o n  a t  h ighe r  chord Reynolds numbers. This 
d i s tu rbance  in f luence  was v e r i f i e d  on t h e  15-percent-thick 33O swept 
Northrop LFC wing of t h e  X-21 group. Such d i s tu rbances  vanish when 

- 

t h e  s l o t  wake flow i s  v iscous  and s teady  a t  < 100; indeed,  no v 
d i f f i c u l t i e s  from such d i s tu rbances  had p rev ious ly  been observed up - 

VS 
t o  RL = 58 x l o 6  when - < 100. With p e r f o r a t e d  LFC s u r f a c e s  

v 
suction-hole-induced. streamwise o r  horseshoe v o r t i c e s  shed from t h e  



s u c t i o n  ho l e s  had o f t e n  caused premature t r a n s i t i o n  e i t h e r  d i r e c t l y  
o r  a s  a  r e s u l t  of ampl i f ied  TS-osc i l la t ions ,  e s p e c i a l l y  when the  
streamwise spac ing  o f  rows o f  s u c t i o n  ho l e s  was comparable t o  t h e  
wave l eng th  o f  ampl i f ied  TS-osc i l la t ions  ( a s  v e r i f i e d  dur ing  t r a n s i -  
t i o n  experiments a t  t he  at tachment  l i n e  o f  a  45O swept blunt-nosed 
wing) .  Pe r fo ra t ed  LFC s u r f a c e s  a r e  acceptab le  a t  high Reynolds num- 
b e r s  when t h e  suction-hole-induced three-dimensional aerodynamic 
roughness and t h e  r e s u l t i n g  streamwise d i s tu rbance  v o r t i c i t y  a r e  t o o  
weak t o  s i g n i f i c a n t l y  a f f e c t  t r a n s i t i o n ,  which r e q u i r e s  a  very l a r g e  
number of  c l o s e l y  spaced smal l  suc t ion  ho l e s .  Such suct ion-hole-  
induced d is turbance  v o r t i c i t y  must be  minimized, p a r t i c u l a r l y  on 
swept LFC wings where it w i l l  superimpose with t h e  streamwise 
boundary-layer mean and d i s tu rbance  v o r t i c i t y  induced by spanwise 
p re s su re  g rad i en t s .  

Permiss ib le  two- and three-dimensional su r f ace  d i s tu rbances  f o r  
laminar  flow ( s t e p s ,  gaps,  waves, roughness) were e s t a b l i s h e d  on 
s t r a i g h t  and swept LFC wings. Properly p laced  weak l o c a l  suc t ion  i n  
t h e  r e a r  flow reat tachment  region downstream o f  r e a r  f ac ing  two- 
dimensional su r f ace  s t e p s  has  doubled t h e  pe rmis s ib l e  s t e p  he igh t  
Reynolds number. 

A s  v e r i f i e d  by supersonic  low-drag suc t ion  experiments i n  t h e  
AEDC von ~ i r m g n  Gas Dynamics F a c i l i t y  Tunnel A on a  laminar suc t ion  
p l a t e  and a  s u c t i o n  ogive o f  revolu t ion  with a  l a r g e  number of  c l o s e l y  
spaced s l o t s ,  f u l l - l e n g t h  l amina r i za t i on  a t  supersonic  speeds by means 
of boundary-layer suc t ion  was s u r p r i s i n g l y  easy i n  t h e  absence of shock 
waves and boundary-layer c ros s  flow up t o  high l e n g t h  Reynolds numbers 
(RL = 5 1  x lo6 a t  M = 3 on t h e  LFC ogive of r evo lu t ion )  i n  s p i t e  
of s eve re  a c o u s t i c  d i s tu rbances  r a d i a t e d  from t h e  t u r b u l e n t  t unne l  
wal l  boundary l a y e r s .  This  r e s u l t  i s  expla inable  by t h e  h ighe r  
TS- s t ab i l i t y  l i m i t  Reynolds numbers of  supersonic  laminar  boundary 
l a y e r s .  In  t h e  presence of  i n c i d e n t  shock waves a t  supersonic  speeds,  
c a r e f u l l y  l a i d  o u t  boundary-layer suc t ion  i n  t h e  boundary-layer- 
shock- in te rac t ion  region o f  a  f l a t  suc t ion  p l a t e  e l imina ted  laminar 
s epa ra t i on  and premature t r a n s i t i o n  i n  t h i s  a r e a  t o  enable  f u l l - l e n g t h  
laminar p l a t e  flow up t o  p l a t e  l eng th  Reynolds numbers RL = 26  X l o6  
at M = 3 and 1.6 p re s su re  r a t i o  ac ros s  t he  shock. 

S t r u c t u r a l  i n v e s t i g a t i o n s  of  s l o t t e d  LFC wings wi th  many c l o s e l y  
spaced s l o t s  were conducted, l e ad ing  from s t r u c t u r a l  t e s t s  on small-  
s c a l e  p a n e l s  t o  i n v e s t i g a t i o n s  of  p rog re s s ive ly  l a r g e r  s t r u c t u r a l  
pane l s ,  and f i n a l l y  t o  t h e  s t r u c t u r a l  i n v e s t i g a t i o n  of  an LFC wing 
box. Many o f  t h e  r e s u l t s  o f  t he se  s t u d i e s  w e r e  incorpora ted  l a t e r  i n  
t h e  X-21 wing design.  These s t r u c t u r a l  i n v e s t i g a t i o n s  showed t h a t  
t he  s t r u c t u r a l  weight p e n a l t y  of  LFC wings can be k e p t  small  by c a r e -  
f u l l y  i n t e g r a t i n g  t h e  suc t ion  duc t ing  system with t h e  wing s t r u c t u r a l  
l ayou t ,  by u s ing  a  load-carrying LFC wing su r f ace  i n s t e a d  of  a  non- 
load-carrying LFC wing g love ,  by using a  c a r e f u l  s t r u c t u r a l  o v e r a l l  
design and d e t a i l  des ign ,  and by us ing  t h e  f a c t  t h a t  a  s u b s t a n t i a l l y  
s t e e p e r  r e a r  p r e s su re  r i s e  i s  p o s s i b l e  on the  upper wing su r f ace  by 



means of  suc t ion  i n  t h i s  a r e a  t o  allow (under otherwise the  same con- 
d i t i o n s )  t h i c k e r  and thus  s t r u c t u r a l l y  l i g h t e r  wings. 

This summary does no t  inc lude  the  X - 2 1  r e s u l t s ,  which a r e  a l ready  summa- 
r i z e d  q u i t e  wel l  i n  r e f e rences  85, 93, 94, and 1 2 2 .  Once the  spanwise contami- 
na t ion  problem was i s o l a t e d  and co r rec t ed  ( e  .g. , r e f .  123) , t h e  X-21 performed 
s a t i s f a c t o r i l y  ( laminar  flow up t o  Rx on the  o r d e r  of  40 x 106) except  f o r  
roughness and waviness problems a s soc i a t ed  with f i l l e r  i n  hollow s p o t s  near  
pane l  s p l i c e s .  The convent ional  p i c t u r e  o f  t h e  c u r r e n t  s t a t u s  o f  suc t ion  LFC 
f e a s i b i l i t y  i s  given i n  r e f e rences  73, 85, and 88. "LFC's t echn ica l  f e a s i b i l i t y  
i s  now a f a c t ,  and many a t t r a c t i v e  app l i ca t ions  t o  f u t u r e  a i r c r a f t  seem l i k e l y  - 
provided ope ra t iona l  [and manufacturing] f e a s i b i l i t y  can a l s o  be demonstrated. 
The l a s t  c lause  i s  the  crux o f  the problem" 

S u p e r c r i t i c a l  wing s e c t i o n s  developed s ince  the  1966 t o  1970 time frame 
g ive  r i s e  t o  new LFC t echn ica l  problems such a s  concave curva ture  (lower s u r -  
face)  and sonic- l ine  r e f l e c t i o n  and subsequent boundary-layer d is turbances  
caused by suction-induced waves i n  t he  s u p e r c r i t i c a l  reg ion  (upper s u r f  ace)  . 
These new i s s u e s  a r e  n o t  y e t  s a t i s f a c t o r i l y  resolved,  b u t  research  is under way. 

Applicat ion S tudies  

Subsonic/ t ransonic.-  The prime motivat ion behind LFC research  is obviously 
the  l a r g e  performance ga ins  poss ib l e .  Over the  years  many au thors  have exam- 
ined  t h e  magnitude of such ga ins ,  and t h e  b e s t  method o f  r e a l i z i n g  them, f o r  a 
mult i tude of missions. Most of  t he  subsonic and t r anson ic  app l i ca t ion  s t u d i e s  
( u n c l a s s i f i e d )  a r e  given i n  r e f e rences  35, 37, 62, 85,  and 124 t o  163. One 
genera l  and obvious consensus of  t h i s  l i t e r a t u r e  i s  t h a t  t he  e n t i r e  a i r c r a f t  
should be redesigned r a t h e r  than LFC j u s t  "added on" t o  an e x i s t i n g  design.  
This permi ts  a much more e f f i c i e n t  a i r c r a f t  by r e s i z i n g  of the  a i r c r a f t  and 
propuls ion  u n i t s ,  e t c .  Most s t u d i e s  do n o t  inc lude  laminar iza t ion  on the  fuse-  
l a g e ,  due p r imar i ly  t o  the  l a r g e r  Reynolds numbers and presence o f  mult i tudinous 
roughness s i t e s  (windows, windshield wipers ,  doors ,  antenna,  towing handles ,  
e t c . ) .  

One of t he  f i r s t  "system s t u d i e s "  of  suc t ion  LFC d a t e s  back t o  1937 
( r e f .  124) , even before  such a concept was proven f e a s i b l e  ( o r  even p o s s i b l e )  . 
Shenstone p r e s e n t s  a d e t a i l e d  drawing of an a i r c r a f t  completely covered with 
suc t ion  ho le s ,  e s t ima te s  t he  system parameters requi red ,  and concludes t h a t  
a speed inc rease  from 105 t o  156 m/sec (235 t o  350 mph) might be poss ib l e  on 
a De Havil land a i rp l ane  ( c i r c a  1937) . For n a t u r a l  laminar  flow, the major 
design o r  system cons ide ra t ions  on 1940's a i r c r a f t  were smoothness and waviness 
( r e f .  125) and presence o r  absence o f  p r o p e l l e r  s l i p s t r e a m  ( r e f .  126) .  (See 
r e f .  127 f o r  an i n t e r e s t i n g  e a r l y  study (1947) us ing  prop j e t s . )  Richards 
( r e f .  37) l is ts  the  requirements f o r  LFC as :  " the  wing must be made s u f f i -  
c i e n t l y  f r e e  from waviness, roughness, and s t e p s  t o  allow extens ive  laminar  
flow under i d e a l  condi t ions ;  then provis ion  must be made t o  e l imina te  the  
e f f e c t s  of r a i n ,  mud and f l i e s  near  t h e  leading  edge and the  wing must be 
maintainable  a t  a high l e v e l  of f i n i s h  from week t o  week m d  from year  t o  
year .  " With these  cavea ts ,  Richards e s t ima te s  a doubling of  payload using 
LFC on conventional a i r c r a f t  (1950 v i n t a g e ) .  



"Flying-wing" des igns ,  e s p e c i a l l y  a t t r a c t i v e  f o r  LFC a p p l i c a t i o n ,  were 
q u i t e  popular  i n  t h e  e a r l y  f i f t i e s  ( r e f s .  35 and 37) and on i n t o  t he  s i x t i e s .  
(See Handley Page 117 des ign  i n  r e f s .  136, 137, and 152.)  By 1953, Courtney 's  
a n a l y s i s  ( r e f .  129) i n d i c a t e d  t h a t  a  high-speed, wing-body combination would be 
b e t t e r  than a  lower speed,  th ick-sec t ioned  al l -wing a i r c r a f t ,  i f  fuse lage  lami- 
n a r i z a t i o n  w e r e  p o s s i b l e .  Courtney quo te s  a  p o s s i b l e  70-percent i n c r e a s e  i n  
passenger  payload.  Reference 129 i s  r e l a t i v e l y  complete and i s  among t h e  f i r s t  
o f  t h e  "modern" LFC system s t u d i e s .  Lachmann i n  1954 ( r e f .  62) quotes  a  range 
inc rease  o f  45 p e r c e n t  f o r  an a i r c r a f t  with 50-percent wet ted su r f ace  
l amina r i za t i on  . 

Thus f a r  i n  t h e  d i s cus s ion  t h e  usua l  LFC a p p l i c a t i o n  considered has  been 
t o  t h e  long-haul passenger  mission.  I n  t h e  e a r l y  t o  middle f i f t i e s ,  Pfenninger  
considered t h i s  case  ( r e f s .  132 and 133) i n  cons iderab le  d e t a i l  ( i nc lud ing  
s t r u c t u r a l  and a e r o e l a s t i c  e f f e c t s )  and advocated s t ru t -b raced  wings t o  o b t a i n  
t h e  necessary  reduc t ion  i n  d rag  due t o  l i f t  r equ i r ed  f o r  a i r c r a f t  op t imiza t ion  
wi th  lower s k i n  f r i c t i o n .  Reference 131 and e s p e c i a l l y  t h e  company r e p o r t  
( r e f .  134) a r e  q u i t e  in format ive  a s  i s  re fe rence  135 by Lachmann on LFC design.  
A s  of  1962, Handley Page (United Kingdom) was s t i l l  i n  t h e  LFC bus ines s  and a  
new des ign  was d i scussed  i n  r e f e r ence  136, a long wi th  a  b e a u t i f u l  cutaway draw- 
i n g  of t h e  Cran f i e ld  swept f i n  LFC experiment.  The a r t i c l e  quotes  o p t i m i s t i c  
numbers such as " the  L/D i s  approximately doubled" f o r  t h e  LFC a i r c r a f t .  (See 
r e f .  66 f o r  subsequent  Handley Page developments.) Northrop produced a  s e r i e s  
o f  f a i r l y  d e t a i l e d  LFC system mission s t u d i e s  i n  t h e  e a r l y  s i x t i e s  ( r e f s .  137 
t o  146 and 164) which culminated i n  a  qu ick  look a t  p u t t i n g  suc t ion  LFC on a  
C-5 c l a s s  v e h i c l e  ( r e f .  1 4 6 ) .  

Vehicle c l a s s e s  i n v e s t i g a t e d  (u s ing  e a r l y  1960 ' s  technology) inc lude  n o t  
on ly  passenger ,  b u t  a l s o  cargo ,  mult ipurpose (long-endurance, s ee  a l s o  r e f .  147) 
and n u c l e a r ,  as we l l  a s  s e v e r a l  supersonic  missions covered i n  t h e  n e x t  s e c t i o n .  
Resul t s  from t h e s e  s t u d i e s  a r e  more o p t i m i s t i c  than t h e  r e c e n t  work i n  t he  same 
ve in  (12 t o  14 yea r s  l a t e r ,  r e f s .  150 t o  1 6 3 ) ,  probably due t o  t h e  i n c r e a s e  i n  
performance o f  t h e  b a s i c  t u r b u l e n t  a i r c r a f t  which occurred i n  t h e  meantime 
( s u p e r c r i t i c a l  wings, e t c . ) .  For Mach 0.8 wi th  take-off  weight of  121  109 kg 
(267 000 l b ) ,  range i n c r e a s e s  of 30 t o  60 pe rcen t  a r e  quoted ( r e f s .  137 and 1 3 8 ) ,  
a long wi th  dec reases  i n  d i r e c t  ope ra t i ng  c o s t  (DOC) on t h e  o r d e r  of 20 pe rcen t .  
Somewhat l a t e r  ( r e f .  143) Northrop quo te s  a  70-percent range inc rease  f o r  r e l a -  
t i v e l y  smal l  payloads (22 680 kg (50 000 l b ) ) .  Reference 143 i s  recommended a s  
a p a r t i c u l a r l y  s t r a i g h t f o r w a r d  summary of  t h e  Northrop s t u d i e s  i n  t h e  e a r l y  
s i x t i e s .  

The demise o f  t h e  A i r  Force-funded Northrop des ign  e f f o r t s  i n  t h e  middle 
s i x t i e s  s t a r t e d  a  long h i a t u s  i n  LFC re sea rch ,  broken only by s c a t t e r e d  s t u d i e s  
such a s  a t  Boeing ( r e f .  148) and a  r a t h e r  d e t a i l e d  Russian a n a l y s i s  ( r e f .  149) .  
The Russian i n t e r e s t  i n  LFC has e v i d e n t l y  cont inued,  a s  evidenced by a  r e c e n t  
paper  ( r e f .  150 ) .  Reference 148 s t a t e s ,  "Below t r a n s c o n t i n e n t a l  des ign  
ranges ,  t h e  a p p l i c a t i o n  of  LFC t o  a  commercial t r a n s p o r t  does n o t  appear  
p r a c t i c a l .  " 

The energy c r i s i s  has t r i g g e r e d  a  whole new s p a t e  o f  LFC a p p l i c a t i o n  
s t u d i e s  sponsored by t h e  U , S .  A i r  Force ( r e f s .  151,  160, and 162) and by NASA 
( r e f s .  153 t o  159, and 165) . Reference 151 sugges ts  a  "shopping l i s t "  of 
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research  and development. This l i s t  inc ludes  (1) f u r t h e r  s t a b i l i t y  
a c o u s t i c  c r i t e r i a ,  ( 3 )  f u r t h e r  roughness i n f luence  r e sea rch ,  
humidity e f f e c t s ,  ( 5 )  ref inement  of  s l o t  and duc t  d e t a i l s ,  

( 6 )  i nco rpo ra t i on  of  h igh  l i f t  c a p a b i l i t y ,  (7 )  wing-mounted n a c e l l e  research  
f o r  LFC, and (8) des igns  i nco rpo ra t i ng  cons ide ra t i on  o f  v i s u a l  i n spec t ion  and 
m a i n t a i n a b i l i t y .  The B r i t i s h  con t r ibu t ion  t o  t h e  r e c e n t  l i t e r a t u r e  ( r e f .  152) 
s t a t e s  t h a t  "on a  fu se l age  t h e  roughness and i r r e g u l a r i t y  of  windows, doors ,  
e t c . ,  make it imposs ib le  t o  have laminar flow on t h a t  component" (deduced from 
Handley Page r e s e a r c h ) .  

The r ecen t  s t u d i e s  f o r  LFC on CTOL a i r c r a f t  i n d i c a t e  improvements of  22 t o  
30 pe rcen t  i n  f u e l  consumption and 8 t o  15 pe rcen t  i n  DOC ( r e f s .  154 t o  160 
and 166) .  Reference 161 s t a t e s  t h a t  " the primary o p e r a t i o n a l  requirements  of  
LFC systems a r e  those  r e l a t e d  t o  smoothness and c l e a n l i n e s s  of  t h e  s u r f a c e s  and 
t o  t h e  ope ra t i on  and c o n t r o l  o f  t h e  s u c t i o n  system." Reference 161  should be 
consul ted  by r eade r s  i n t e r e s t e d  i n  a c t u a l  LFC ope ra t i ons .  

Supersonic/hypersonic.-  Deta i led  s t u d i e s  of  LFC app l i ed  t o  t h e  SST c l a s s  
veh ic l e  were conducted by Northrop ( r e f s .  137, 138, 143, and 167) .  There a l s o  
e x i s t s  an u n c l a s s i f i e d  B r i t i s h  con t r ibu t ion  ( r e f .  1 6 8 ) .  Even though sk in-  
f r i c t i o n  d rag  i s  a  somewhat smal le r  percentage of t o t a l  d rag  a t  supersonic  
speeds,  LFC can s t i l l  provide a  major b e n e f i t  ( i n  i nc reased  payload)  because o f  
t h e  l a r g e  f r a c t i o n  of i n i t i a l  weight devoted t o  f u e l ,  i - e . ,  r e l a t i v e l y  small  
decreases  i n  f u e l  weight (from LFC drag  reduc t ion)  can l e a d  t o  r a t h e r  l a r g e  pe r -  
centage i n c r e a s e s  i n  payload f r a c t i o n .  An a d d i t i o n a l  b e n e f i t  i s  a  lower equi-  
l i b r ium sk in  temperature (approximately 83 K (150° F) reduc t ion)  due t o  t h e  
lower recovery f a c t o r  and Stanton number a s s o c i a t e d  wi th  laminar  flow. The 
es t imated  range i n c r e a s e  from use of  LFC on a  Mach 3 t r a n s p o r t  i s  20 p e r c e n t  
( e . g . ,  r e f .  143 ) .  An LFC advantage p e c u l i a r  t o  t h e  SST ( a s i d e  from t h e  lower 
s k i n  temperature)  i s  t h e  p o s s i b i l i t y  of  lower son ic  boom due t o  reduced weight.  
Of p a r t i c u l a r  i n t e r e s t  i n  t h e  SST problem i s  t h e  reduced roughness s e n s i t i v i t y  
compared wi th  t h e  subsonic  case  ( r e f .  17)  . 

Because of t h e  cont inu ing  decrease  i n  roughness s e n s i t i v i t y  wi th  i n c r e a s i n g  
Mach number, n a t u r a l  laminar  flow hypersonic  a i r c r a f t  have been considered 
( r e f s .  169 and unpublished s tudy  by Bertram) a long  wi th  suc t ion  LFC f o r  hyper- 
son i c  r e e n t r y  veh ic l e s  ( r e f .  1 7 0 ) .  I n  t h e  l a t t e r  case  t h e  normally low base 
p re s su re  could be used a s  t h e  suc t ion  source .  Appl ica t ion  s t u d i e s  of  LFC on 
SST veh ic l e s  us ing  l a t e  1970 ' s  technology a r e  n o t  y e t  a v a i l a b l e .  

Previous Bib l iographies  

Aside from t h e  r e f e r ence  l i s t s  contained i n  t h e  va r ious  review a r t i c l e s ,  
t h e r e  a r e  some o l d e r  b ib l i og raph ie s  ( r e f s .  171 t o  1 7 3 ) .  Two new LFC b i b l i o g -  
r aph ie s  (au thor  and t i t l e  only)  a r e  a l s o  a v a i l a b l e  ( r e f s .  174 ( A i r  Force,  p r i -  
mar i ly  X - 2 1 )  and 175) . 



I V .  SUMMARY OF FLIGHT AND LOW DISTURBANCE TUNNEL DATA ESPECIALLY 

SUITABLE FOR RELATING STABILITY THEORY TO TRANSITION 

A s  s t a t e d  i n  t he  In t roduc t ion ,  one of the  primary purposes f o r  t h e  p r e s e n t  
review and bibl iography i s  the  i d e n t i f i c a t i o n  of low-stream dis turbance  t r a n s i -  
t i o n  d a t a  s u i t a b l e  f o r  t he  c a l i b r a t i o n  of l i n e a r  s t a b i l i t y  t h e o r i e s  a s  p r e d i c t i v e  
techniques f o r  t r a n s i t i o n  loca t ion  (which i s  the  r e s u l t  of both l i n e a r  and non- 
l i n e a r  p r o c e s s e s ) .  Once c a l i b r a t e d ,  t he  t h e o r i e s  can be employed a s  a n a l y s i s  
methods ( b u t  i n  a design mode) t o  p r e d i c t  optimized wa l l  suc t ion  r a t e s  requi red  
f o r  LFC. The b e s t  low-stream dis turbance  d a t a  supposedly comes from f l i g h t  
experiments,  a s  t h e  s c a l e  of t h e  atmospheric turbulence i s  genera l ly  t oo  l a r g e  
t o  i n f luence  the  body t r a n s i t i o n  l o c a t i o n  t o  f i r s t  o rde r .  I n  add i t i on  t o  f l i g h t  
d a t a ,  s e v e r a l  swept wing s t u d i e s  a r e  c i t e d  i n  t h i s  s ec t ion  which were conducted 
i n  t h e  Ames 12-Foot Pressure  Wind Tunnel, which has one of  t he  lowest s t ream 
f l u c t u a t i n g  v o r t i c i t y  l e v e l s  of any free-world f a c i l i t y  s u i t a b l e  f o r  t e s t i n g  
la rge-sca le  t h ree  -dimensional con f igu ra t ions .  However, t h e  Ames f a c i l i t y  does 
con ta in  low-level acous t i c  d i s tu rbances .  Therefore,  t hese  ground d a t a  a r e  s t i l l  
s u b j e c t  t o  ques t ion .  

Once t h e  s t ream dis turbances  a r e  reduced, a s  i n  t he  f l i g h t  case ,  t h e  prob- 
lem becomes one of  reducing the  body-generated d i s tu rbances  such a s  v i b r a t i o n ,  
n o i s e  (propuls ion ,  a i r  frame, and boundary l a y e r ) ,  roughness ( i nc lud ing  i n s e c t s ,  
j o i n t s ,  e t c . ) ,  and ( e s p e c i a l l y  i n s i d i o u s )  waviness. A su r f ace  which looks and 
f e e l s  smooth (low roughness) may s t i l l  conta in  s u f f i c i e n t  waviness t o  cause pre-  
mature t r a n s i t i o n ,  and, e s p e c i a l l y  f o r  t he  e a r l i e r  f l i g h t  d a t a  where r e l a t i v e l y  
t h i n  s k i n s  may have been used, such waviness may occur  under aerodynamic f l i g h t  
loading  and n o t  be p re sen t  upon ground inspec t ion .  

The f l i g h t  and Ames 12-Foot Pressure  Wind Tunnel t r a n s i t i o n  s t u d i e s  iden-  
t i f i e d  i n  the  p r e s e n t  review a r e  summarized i n  t a b l e  11. These s t u d i e s  cover 
t h e  pe r iod  from 1937 t o  1972 and cover a wide v a r i a t i o n  of parameters inc luding:  
(1) l a r g e  Reynolds number range wi th  and without  s u c t i o n ,  ( 2 )  sweep, ( 3 )  com- 

p r e s s i b i l i t y ,  (4)  v a r i a t i o n s  i n  type of  suc t ion  su r f ace  and a i r c r a f t  p ropuls ion  
( n o i s e ) ,  and (5)  geometry (both wings and axisymmetric bodies)  . In  most of 
t hese  i n v e s t i g a t i o n s  an a t tempt  was made t o  reduce su r f ace  waviness and rough- 
ness  and the  d a t a  may be used wi th  some confidence a s  be ing  i n d i c a t i v e  of 
boundary-layer behavior  i n  an a c t u a l  LFC app l i ca t ion  (except  f o r  concave curva- 
t u r e  and ex tens ive  compress ib i l i ty  i n f luences  which have n o t  y e t  been f l i g h t  
t e s t e d ) .  The ex tens ive  ground s t u d i e s  on LFC ( o t h e r  than those i n  the  Ames 
12-Foot Pressure  Wind Tunnel) a r e  covered i n  s e c t i o n  V of  t he  p r e s e n t  survey. 

Previous s t a b i l i t y  theory c a l i b r a t i o n s  ( r e f s .  6 and 8) have used a l imi t ed  
sample of  the  f l i g h t  d a t a  summarized i n  t a b l e  11, b u t  t hese  analyses  were 
r e s t r i c t e d  t o  the  two-dimensional, no suc t ion  case and d i d  n o t  employ t h e  f u l l  
s e t  of d a t a  a v a i l a b l e  f o r  t h i s  r e s t r i c t ed .  case .  O f  p a r t i c u l a r  i n t e r e s t  i n  
t a b l e  11 is t h a t  the  NACA f l i g h t  t e s t e d  a s l o t t e d  LFC suc t ion  experiment i n  1941 
a t  Reynolds number t o  30 x l o 6  a t  a time when the  ground research  on LFC was 



j u s t  beginning elsewhere.  Also, s p o i l e r  experiments were inc luded  i n  some of  
t h e  f l i g h t  s t u d i e s ,  i . e . ,  var ious  known d i s tu rbance  f i e l d s ,  such a s  p r o p e l l e r  
s l i p s t r eam,  waviness,  roughness,  atmospheric tu rbulence ,  and a c o u s t i c  environ-  
ment, were independent ly  va r i ed ,  The four -par t  s e r i e s  of experiments a t  Cran- 
f i e l d  a r e  e s p e c i a l l y  w e l l  documented and u s e f u l ,  having a range of  Reynolds num- 
be r  (but  un fo r tuna t e ly  n o t  very high i n  an abso lu t e  sense)  with and without  wing 
t a p e r  and suc t ion .  (See r e f .  176 f o r  a review of e a r l i e r  f l i g h t  t e s t s . )  

The d a t a  q u a l i t y  o f  t h e  e n t r i e s  i n  t a b l e  I1 obviously v a r i e s  and s e v e r a l  
e n t r i e s  may be of  l i t t l e  use except  a s  i n t e r e s t i n g  checks. However, i t  is  sug- 
ges t ed  t h a t  t h e  c a l i b r a t i o n  of  s t a b i l i t y  theory with f l i g h t  d a t a  may be  more 
product ive  f o r  l a t e r  a p p l i c a t i o n  t o  f l i g h t  design than us ing  ground da t a .  Many 
more s t u d i e s  o f  f l i g h t  t r a n s i t i o n  i n  t h e  high supersonic  and hypersonic  range 
e x i s t  (e .g . ,  r e f s .  21 and 177 t o  1 8 2 ) ,  b u t  s i n c e  t he  t h r u s t  of  t h e  p r e s e n t  
review and b ib l iography  i s  LFC f o r  CTOL and SST a i r c r a f t ,  t he se  works a r e  n o t  
d i scussed  i n  d e t a i l .  

V. DETAILED APPLICATION ISSUES FOR LAMINAR FLOW CONTROL 

Roughness and Waviness ( R  & W )  

A s  s t a t e d  p rev ious ly ,  roughness and waviness a r e  t he  key i s s u e s  i n  t h e  
app l i ca t i on  of  laminar  flow, e i t h e r  n a t u r a l  o r  forced .  There a r e  two s e p a r a t e  
problems: t h e  f i r s t  i s  the  e f f i c i e n t  p roduct ion  (manufacture) of  a smooth and 
low waviness su r f ace ;  t h e  second i s  t h e  maintenance of  t h a t  s u r f a c e ,  p a r t i c u -  
l a r l y  i n  t h e  presence  o f  i n s e c t s ,  p o s s i b l e  runway rubble  impingement, c y c l i c  
load ing ,  cor ros ion  and e ros ion ,  e t c .  Furthermore, a t ta inment  of  t h e  c l o s e  
t o l e r ances  pe rmis s ib l e  i n  the  leading-edge region i s  made considerably more 
d i f f i c u l t  by t h e  extreme measurement accuracy r equ i r ed .  The roughness problem 
has rece ived  r e sea rch  a t t e n t i o n  from t h e  s t andpo in t  of  convent ional  t r a n s i t i o n , ,  
a s  w e l l  a s  t h e  ex tens ion  o f  laminar flow, and cons iderab le  l i t e r a t u r e  e x i s t s .  
Much of t h e  R & W r e sea rch  i s  contained i n  r e f e r ences  17,  36, 37, 71, 93 
( s ec t i on  l o ) ,  and 183 t o  226. The i n s e c t  problem i s  considered i n  r e f e r ences  34, 
36, 44, 166, 195, and 227 t o  239. Except f o r  s p e c i a l  s i t u a t i o n s  (such a s  rough- 
ness  and waviness i n  concave curva ture  r e g i o n s ) ,  s u f f i c i e n t  information e x i s t s  
t o  provide engineer ing  gu ide l ines  ( c r i t e r i a )  f o r  R & W i n  LFC manufacturing and 
maintenance. An op t imal  three-dimensional wing des ign  should cons ider  means o f  
keeping su r f ace  i n s e c t  impingements t o  a minimum. 

Waviness i s  l e s s  e a s i l y  no t i ceab le  o r  d e t e c t a b l e  than roughness,  y e t  1 p a r t  
i n  2000 (a/X = 1/2000 = 0.0005) has caused premature t r a n s i t i o n  i n  laminar  flow 
experiments.  Obviously, t h e  amount of R & W which can be t o l e r a t e d  on a wing 
i s  a func t ion  of parameters  such a s  boundary-layer h i s t o r y ,  inc lud ing  d i s t u r -  
bances p r i o r  t o  R & W l o c a t i o n ,  u n i t  Reynolds number, l o c a l  flow cond i t i ons ,  
subsequent boundary-layer development (whether o r  n o t  an R & W d i s tu rbance  o r  
induced d i s tu rbance  can ever  grow t o  t r a n s i t i o n ) ,  su r f ace  cu rva tu re ,  R & W geom- 
e t r y ,  and three-dimensional  flow a spec t s .  Therefore ,  s t a t i n g  a value of  rough- 
ness  o r  amount of  waviness a c t u a l l y  makes l i t t l e  sense without  a l s o  s t a t i n g  t h e  
d e t a i l e d  condi t ions  a s soc i a t ed  with t he  experiment ( o r  c a l c u l a t i o n )  . 



Roughness and waviness a f f e c t  t r a n s i t i o n  through s e v e r a l  mechanisms, many 
of  which compete through Morkovin's p r i n c i p l e  of dominant and mul t ip l e  respons i -  
b i l i t y  f o r  t r a n s i t i o n .  These mechanisms inc lude  (1) flow sepa ra t ion  and conse- 
quent  f r e e  shear - layer  i n s t a b i l i t y  ( a t  l e a s t  an order  of magnitude l e s s  s t a b l e  
than  a t t ached  f lows) ,  (2)  l o c a l  reg ions  of  adverse p re s su re  g rad ien t  which can 
t r i p  t he  boundary l a y e r  before  t h e  usua l ly  r e l a t e d  region of favorable  p re s su re  
g r a d i e n t  can a f f e c t  the  flow, (3)  both p o s i t i v e  and negat ive  p re s su re  pe r tu rba -  
t i o n s  induced by R & W ,  which, i n  t h r e e  -dimensional mean flow (swept wings) , 
can be d e s t a b i l i z i n g ,  (4)  l o c a l  concave s t reaml ine  curva ture  causing t r a n s i t i o n  
v i a  t he  ~ 6 r t l e r  bypass,  and (5)  l o c a l  three-dimensional p e r t u r b a t i o n s  (usua l ly  
organized vo r t ex  motion) which has ten  the  nonl inear  breakup and b u r s t  formation. 
The amount of waviness requi red  i s  smal l  due t o  t he  l a r g e  p re s su re  g rad ien t s  
produced by small  wavelength waves, even f o r  q u i t e  smal l  r a t i o s  of amplitude t o  
wavelength; i . e . ,  a l a r g e r  a/A can probably be t o l e r a t e d  i f  t he  i s  l a rge .  
A s  d i scussed  i n  re ference  17,  f o r  example, t he  ac t ion  of  two-dimensional and 
three-dimensional d i s turbances  can be q u i t e  d i f f e r e n t ,  with t h e  nonl inear  e f f e c t s  
o f  t h e  three-dimensional d i s turbance  be ing  much more c r i t i c a l  t o  LFC des ign .  
The d i r e c t  use ( f o r  f l i g h t  des ign)  of wind-tunnel d a t a  on pe rmis s ib l e  R & W i s  
probably conserva t ive ,  due t o  t he  i n t e r a c t i o n  between s tream and f a c i l i t y  d i s -  
turbances and R & W generated motions. In  gene ra l ,  anything t h a t  t h i n s  t h e  
boundary l a y e r  exacerba tes  the R & W problem (e.g.  , r e f s .  194, 231, and 232) . 
There e x i s t  no sys temat ic  s t u d i e s  of combined R & W e f f e c t s .  

P a r t i c u l a r l y  recommended on t h i s  s u b j e c t  a r e  r e f e rences  17 ,  34, 36, 186, 
and 195 ( a c t u a l  f l i g h t  maintenance expe r i ence ) ;  196 and 200 ( e s p e c i a l l y  f o r  
d e t a i l e d  phys ics  of roughness e f f e c t s  and f l i g h t  v e r i f i c a t i o n  (unswept) ) ; 210 
and f i g u r e  9 o f  re ference  71 (ex tens ive  t e s t s  and a n a l y s i s ) ;  208 (mul t ip l e  
elements)  ; 211 (waviness f o r  swept wings) ; 218 (note  on s c a l i n g  law) ; s e c t i o n  10 
of  re ference  93 (summary f o r  X - 2 1  three-dimensional compressible f l ows) ;  223 
( l o c a l  suc t ion  t o  i nc rease  al lowable s t e p  h e i g h t ) ;  and 229 and 233 (summary of 
i n s e c t  problem).  A b r i e f  comment which arose dur ing  the  d i scuss ion  i n  r e f e r -  
ence 68 i s  of  i n t e r e s t :  

"The leading  edge must be smooth, b u t  i n  genera l  t he  [ d i s t r i b u t e d  
s u r f a c e ]  roughness which can be permi t ted  i n  a laminar boundary l a y e r  
i s  much g r e a t e r  than  the  roughness t h a t  g ives  a drag  inc rease  i n  a 
t u r b u l e n t  boundary l a y e r . "  

I n  t h e  laminar ca se ,  however, i s o l a t e d  roughness o r  t h e  l a r g e r  peaks and v a l l e y s  
i n  t h e  d i s t r i b u t e d  roughness can cause t r a n s i t i o n  over  t h e  e n t i r e  downstream 
s u r f a c e ,  depending upon l o c a t i o n .  

Suction-Surface Configurat ion 

Severa l  approaches e x i s t  f o r  suc t ion  LFC, and t h e  dec i s ion  of which 
approach t o  apply must be based upon s t r u c t u r a l  a s  wel l  a s  aerodynamic e f f i -  
c iency .  The t h r e e  major p o s s i b i l i t i e s  a r e  (1) porous, ( 2 )  pe r fo ra t ed ,  and 
(3) s l o t t e d .  S l o t t e d  s u r f a c e s  a r e  by na ture  d i s c r e t e  r a t h e r  than d i s t r i b u t e d  
(continuous) suc t ion .  Porous and pe r fo ra t ed  su r f aces  can be appl ied  e i t h e r  con- 
t inuous ly  o r  i n  s t r i p s ,  The bulk of t h e  U , S .  LFC research  has he re to fo re  been 



focused upon s l o t t e d  s u r f a c e s ,  whereas t h e  U.K.  work has  been concent ra ted  on 
porous and p e r f o r a t e d  (bo th  continuous and s t r i p s )  su r f aces .  

Recent unpublished c a l c u l a t i o n s  by Nayfeh a t  V i rg in i a  Poly technic  I n s t i t u t e  
and S t a t e  Univers i ty  (VPI&SU) and Lockheed-Georgia Company on two-dimensional 
mean flows i n d i c a t e  t h a t  porous o r  p e r f o r a t e d  s t r i p s ,  i f  p laced  i n  t h e  nea r  
f i e l d  of  each o t h e r  (less than O(10) s t r i p  widths between suc t ion  s t r i p s )  may 
be  a s  op t imal ,  from a s t a b i l i t y  s t andpo in t ,  a s  d i s t r i b u t e d  (porous) suc t ion .  
P r i o r  t o  t h e  Nayfeh r e s u l t s  d i s c r e t e  suc t ion  was always considered l e s s  e f f i -  
c i e n t ,  aerodynamically,  than continuous suc t ion .  I n  p a r t i c u l a r ,  i n  t h e  s l o t  
experiments ,  u sua l ly  t h e  s l o t s  were O(100) s l o t  widths  a p a r t  and t h e r e f o r e  n o t  
i n  t h e  nea r  f i e l d .  

A major cons ide ra t i on  i n  suc t ion-sur face  des ign  i s  the  requirement f o r  
r e l a t i v e l y  uniform flow (spanwise) i n t o  t h e  suc t ion  su r f ace .  Therefore ,  s l o t s  
o r  p e r f o r a t e d  s t r i p s  and a s soc i a t ed  suc t ion  d u c t s  should u sua l ly  be  l o c a t e d  
along i s o b a r s ,  and t h e  wing should be designed with s t r a i g h t  i soba r s .  This  
circumvents t h e  problem of  nonuniform inf low,  o r  even outf low,  due t o  feedback 
forced by e x t e r n a l  s t a t i c  p r e s su re  v a r i a t i o n s .  

An e x c e l l e n t ,  and s t i l l  q u i t e  up-to-date,  review of suc t ion-sur face  op t ions ,  
t r ade -o f f s ,  and phys i c s  i s  given i n  r e f e r ence  240. This  paper i s  h ighly  recom- 
mended. The suc t ion  power r equ i r ed  i s  p r o p o r t i o n a l  t o  both t h e  suc t ion  mass 
flow ( q u a n t i t y  of suc t ion  requi red)  and t h e  l o c a l  p r e s su re  l e v e l .  Therefore ,  i n  
some i n s t a n c e s ,  des igns  n e c e s s i t a t i n g  h ighe r  suc t ion  may be more e f f i c i e n t ,  i f  
t h e  l o c a l  p r e s s u r e  l e v e l  i s  h ighe r ,  i . e . ,  one should minimize suc t ion  r equ i r e -  
ments i n  low p re s su re  reg ions .  Since r e f e r ence  240 provides  such an e x c e l l e n t  
background t o  suc t ion-sur face  des ign ,  o t h e r  r e f e r ences  a v a i l a b l e  a r e  merely 
quoted and a  few b r i e f  remarks a r e  made, based p r i m a r i l y  on knowledge o r  op t ions  
n o t  a v a i l a b l e  i n  1961 ( t ime pe r iod  of  r e f .  240) .  The work on s l o t s  i s  con- 
s i d e r e d  f i r s t ,  followed by the  porous and p e r f o r a t e d  cases .  The l a t t e r  two a r e  
d i scussed  t o g e t h e r ,  a s  a  p e r f o r a t e d  su r f ace  with smal l ,  c l o s e l y  spaced h o l e s  i s  
e s s e n t i a l l y  a  porous su r f ace .  The d a t a  base on porous m a t e r i a l s  was developed 
f o r  t h e  s epa ra t i on  boundary-layer c o n t r o l  (BLC) ca se ,  a s  wel l  a s  f o r  LFC. 

S l o t t e d  s u r f a c e s . -  Most of  t h e  b a s i c  s l o t t e d - s u r f a c e  research  i s  contained 
i n  r e f e r ences  52, 54, s e c t i o n  3 of r e f e r ence  93 ,  and 241 t o  262. (See a l s o  
r e f .  263.) Addi t iona l  information i s  o f  course a v a i l a b l e  from both t h e  s l o t t e d  
f l i g h t  t e s t s  a l r eady  d iscussed  ( s ee  t a b l e  11) and t h e  s l o t t e d  wind-tunnel 
s t u d i e s  summarized i n  t a b l e  I11 (d i scussed  i n  t h e  n e x t  s e c t i o n  of t h e  p r e s e n t  
review).  I n i t i a l  s l o t  research  focused upon t h e  i d e a l  flow i n t o  f a i r l y  l a r g e  
s l o t s  and i d e n t i f i c a t i o n  of t he  s ink  e f f e c t ;  i . e . ,  t h e  ex i s t ence  of  favorab le  
streamwise p re s su re  g r a d i e n t s  both upstream and downstream of  t h e  s l o t  ( w i t h  a  
s t agna t ion  p o i n t  a t  t h e  downstream s l o t  l i p  ( r e f s .  54 and 241 t o  2 4 6 ) ) .  Such 
l a r g e  s l o t s  seemed favorab le  i n i t i a l l y .  By us ing  rounded s l o t  l i p s  and i n t e r n a l  
d i f f u s e r  contours  and by keeping v iscous  l o s s  sma l l ,  t h e  momentum of t h e  sucked 
a i r  could be recovered,  t hus  reducing t h e  pumping power. The s t a b i l i z i n g  s ink  
e f f e c t  should reduce t he  suc t ion  requirements .  

I n  a c t u a l  p r a c t i c e ,  l a r g e  contoured s l o t s  have proven q u i t e  unfavorable .  
The flow i n  such a s l o t  t ends  t o  e x h i b i t  r e l a t i v e l y  v i o l e n t ,  uns tab le  s epa ra t ed  
flow r eg ions  a t  of f -des ign  condi t ions  (due t o  t h e  smooth contour ,  t he  s e p a r a t i o n  



p o i n t  i s  n o t  anchored by su r f ace  d i s c o n t i n u i t y ) .  Also, t h e  d e c e l e r a t i o n  i n  t h e  
s l o t  en t r ance  flow tends  t o  produce h igh ly  uns tab le  i n f l e c t e d  p r o f i l e s  wi th  
r e s u l t a n t  large-ampli tude d i s tu rbances  downstream of t h e  s l o t ,  and the  concave 
s t r eaml ine  curva ture  immediately a f t  of t h e  s l o t  can be s u f f i c i e n t  t o  cause 
l a r g e  streamwise growth f a c t o r s .  Therefore ,  t h e  Northrop group under Pfenninger  
even tua l ly  s e t t l e d  upon t h e  a n t i t h e s i s  of t h e  o r i g i n a l  approach, t h a t  i s ,  narrow, 
sharp-edged s l o t s  with h igh ly  v i scous  flow ( s l o t  Reynolds number O(100) ) .  The 
sha rp  edge anchors t h e  s epa ra t i on  p o i n t  and t h e  low Reynolds number dampens d i s -  
tu rbances  produced wi th in  t h e  s l o t  plenums o r  t h e  s l o t  v i c i n i t y .  Flow i n  such 
smal l  s l o t s  has  r e l a t i v e l y  high v e l o c i t y  compared wi th  a  porous su r f ace  and t h e  
s l o t s  a r e  spaced q u i t e  f a r  a p a r t ,  i n  terms of  s l o t  widths  ( r e f s .  247 t o  252, 
254, and s e c t i o n  3  of  r e f .  9 3 ) .  This s i t u a t i o n  i s  q u i t e  d i f f e r e n t  from t h e  
porous su r f ace  ca se ,  t h e  l a t t e r  being t h e  only case  which c l a s s i c a l  s t a b i l i t y  
t heo ry  can handle .  

Porous and p e r f o r a t e d  su r f aces . -  The problems wi th  porous su r f aces  
( r e f s .  173 and 263 t o  283) a r e  mainly s t r u c t u r a l  and m a t e r i a l s  problems such a s  
(1) s t r u c t u r a l  suppor t  and f a s t e n i n g ,  a  problem e s p e c i a l l y  f o r  d i s t r i b u t e d  
(cont inuous)  s u c t i o n ,  (2)  weight  ( e a r l y  s i n t e r e d  metal  s u r f a c e s  were q u i t e  
heavy) ,  (3 )  un i formi ty  of p o r o s i t y ,  ( 4 )  su r f ace  roughness,  e s p e c i a l l y  f o r  a  
boundary l a y e r  i n  t h e  leading-edge region thinned by s u c t i o n ,  (5)  c logging,  
(6)  p o r o s i t y  t a i l o r i n g  t o  meet suc t ion  requirements ,  and (7)  i n t e r n a l  compart- 
mentat ion f o r  inflow-outflow c o n t r o l .  I f  porous s t r i p s  a r e  employed, then  t h e  
porous/nonporous j o i n t  can cause d i f f i c u l t y  (forward o r  backward f a c i n g  s t e p ) .  
Addi t iona l  problems wi th  porous su r f aces  i nc lude  low s t r e n g t h  and p o s s i b l e  
p o r o s i t y  d i s t o r t i o n  when machined o r  otherwise s u r f  ace f i n i s h e d .  

Of p a r t i c u l a r  i n t e r e s t  is  a  r e s u l t  from a  f l i g h t  s tudy of  porous lead ing-  
edge-region suc t ion  ( r e f .  269) which shows t h a t  "clogging due t o  atmospheric 
d u s t  d i d  n o t  appear t o  be a  problem." However, s i n c e  t he  s tudy was n o t  an LFC 
e f f o r t  t h e r e  may be ques t i ons  concerning a  lack  of  s e n s i t i v i t y ;  i . e . ,  what i s  
n o t  a  problem under a  t u r b u l e n t  o r  t r a n s i t i o n a l  flow may we l l  be a  problem f o r  
t h e  super -sens i t ive  LFC leading-edge case  ( t h i n  boundary l a y e r )  . (See a l s o  
r e f .  279.) The more r e c e n t  porous work eva lua ted  nonmeta l l i c  m a t e r i a l s  such a s  
porous f i b e r g l a s s ,  which were found t o  be b e t t e r  i n  terms of s t rength- to-weight  
r a t i o ,  un i formi ty ,  and smoothness ( r e f s .  173, 223, and 284) .  The Navy i s  p re s -  
e n t l y  pursu ing  a  renewed e f f o r t  i n  boundary-layer LFC f o r  p o s s i b l e  torpedo 
a p p l i c a t i o n  and i s  gene ra t i ng  new r e s u l t s  f o r  porous su r f ace  op t ions  o r  p o s s i -  
b i l i t i e s .  Prel iminary r e s u l t s  from t h i s  ongoing r e sea rch  a r e  given i n  r e f e r -  
ences  276 and 277. The NASA ACEE-LFC e f f o r t  has  a l s o  sparked renewed i n t e r e s t  
i n  porous su r f aces  ( e . g . ,  r e f .  278) .  

Pe r fo ra t ed  s u r f a c e s ,  r e f e r ences  1, 263, 264, 280, and 285 t o  301, a r e  com- 
posed of an a r r a y  o f  sma l l  ho l e s .  The p r i n c i p a l  d i f f i c u l t i e s  concern al lowable 
ho l e  s i z e s  and spac ing  o r  a r r a y  geometry. The B r i t i s h  found ( r e f .  66) t h a t  t he  
ho l e s  should n o t  be spaced behind each o t h e r  i n  o rde r  t o  avoid reinforcement  of 
v o r t i c e s  o r  wakes shed from upstream suc t ion  ho l e s .  Indeed, they should n o t  be 
spaced i n  any r egu la r  p a t t e r n  a t  a l l ,  except  on a  nonin te r fe rence  b a s i s ,  which 
i s  p o s s i b l e  f o r  a  smal l  number o f  rows of ho les .  The extreme importance of  t h e  
i n t e r r e l a t i o n s h i p  between spac ing ,  ho l e  s i z e ,  and suc t ion .was  dramatized i n  
both t he  U . K .  worlc summarized i n  re fe rence  240 and p a r t i c u l a r l y  t h a t  of  
P fenn inge r ' s  group a t  Northrop ( r e f s .  287  t o  2 9 4 )  who mapped o u t  t he  r eg ions  



i n  parameter space f o r  var ious  phenomena inc lud ing  (1) s tanding  vo r t ex  br idges  
between ho le s ,  ( 2 )  shed horseshoe v o r t i c e s ,  and (3)  s t a t i o n a r y  l o n g i t u d i n a l  
v o r t i c e s .  Figure 5 of re ference  5 provides c r i t e r i a  f o r  the  e x i s t e n c e  and 
growth o r  decay of t hese  flow s t r u c t u r e s .  

Reference 264 s t a t e s  t h a t  t he  per fora ted-sur face  technology a s  of  1948 was 
t o  "punch" t h e  ho le s  wi th  the  minimum ho le  s i z e  depending upon the  metal  th ick-  
ness .  The l a t e s t  technology ( r e f .  301) al lows hole  s i z e s  down t o  0.0127 m 
(0.005 i n . )  ( o r  sma l l e r )  using e l e c t r o n  beam d r i l l i n g s .  An a l t e r n a t e  approach 
i s  t o  use woven mats ( r e f .  2 7 8 ) .  

Acoustic E f f e c t s  

In  LFC a p p l i c a t i o n s ,  a t  l e a s t  fou r  a c o u s t i c  sources a r e  gene ra l ly  p r e s e n t :  
(1) propuls ion  no i se  ( p r o p e l l e r ,  j e t  exhaust ,  o r  compressor),  (2) a i r f rame no i se  
( separa ted  flow and t u r b u l e n t  boundary-layer no i se ,  t he  l a t t e r  p r imar i ly  from 
t h e  f u s e l a g e ) ,  (3)  sound produced by the  s u c t i o n  su r f ace ,  e s p e c i a l l y  f o r  t h e  
t r anson ic  and supersonic  cases  where s t rong  waves can form, and (4) s u c t i o n  
duc t ing  and compressors. 

Fundamental s t u d i e s  of t he  inf luence  of sound upon t r a n s i t i o n  ( e .g . ,  
r e f s .  302 t o  305) i n d i c a t e d  t h a t  sound can have a f i r s t - o r d e r  s p o i l e r  e f f e c t ,  
depending upon frequency content .  Sound f requencies  near  those f o r  t h e  most 
uns tab le  waves i n  the  boundary l a y e r  ( i n  two dimensions, genera l ly  Tollmien- 
Sch l i ch t ing  waves) a r e  p a r t i c u l a r l y  unfavorable t o  e f f i c i e n t  ope ra t ion  of an 
LFC system. However, q u i t e  high noise  l e v e l s  can be t o l e r a t e d  i f  t h e  frequency 
i s  f a r  from the  uns tab le  region of t he  v iscous  flow. In examining t h e  exper i -  
ments f o r  t he  in f luence  of no i se ,  two i s s u e s  should be borne i n  mind: (1) t h e  
c r i t i c a l  boundary-layer frequency range i s  a func t ion  of the  flow h i s t o r y  and 
l o c a l  cond i t i ons ,  and the re fo re  sound inpu t  which does no t  e f f e c t  one p o r t i o n  
of a wing may have a l a r g e  e f f e c t  elsewhere on t h e  same wing, and (2)  from t h e  
p r i n c i p l e  of  dominant and mul t ip le  r e s p o n s i b i l i t y  f o r  t r a n s i t i o n ,  t h e  t r a n s i t i o n  
loca t ion  i n  a given experiment may be forced  by roughness, waviness, e t c . ,  and, 
t he re fo re ,  while  occu r r ing  e a r l y ,  may n o t  be s e n s i t i v e  t o  changes i n  sound. 

The i n i t i a l  s t u d i e s  on noise  e f f e c t s  ( r e f s .  306 t o  308) concerned p r o p e l l e r  
a i r c r a f t .  (See r e f s .  259 and 309 t o  312 f o r  p r o p e l l e r  no ise  c h a r a c t e r i s t i c s . )  
The genera l  conclusion was t h a t  p r o p e l l e r  sound f i e l d s  do no t  seem t o  appre- 
c i ab ly  in f luence  t r a n s i t i o n  loca t ion .  Obviously, i f  t h e  su r f ace  was behind the  
p r o p e l l e r  i n  t he  s l i p s t r eam,  the  huge f l u c t u a t i n g  v o r t i c i t y  l e v e l s  of  t he  s t ream 
had a f i r s t - o r d e r  i n f luence ,  b u t  f o r  su r f aces  ou t s ide  the  s l i p s t r eam,  and f o r  
pusher p r o p e l l e r s ,  no apprec iab le  e f f e c t  was noted. The next  s e t  of t e s t s  
( r e f s .  313 and 314) concerned d i f f e rences  i n  jet-engine exhaust  no i se  (with and 

without  a f t e r b u r n i n g ) ,  and somewhat d i f f e r e n t  conclusions were reached than i n  
the  p r o p e l l e r  case ;  i . e . ,  a f t e rbu rn ing  d i d  cause boundary-layer d e s t a b i l i z a t i o n .  
(See page 3-4 and f i g .  6 of r e f .  315.) These t e s t s  were on a f i g h t e r  a i r p l a n e  
and the  s i t u a t i o n  probably would be worse f o r  t h e  engine-on-wing t r a n s p o r t  case.  
Reference 316 provides  an e x c e l l e n t  f i r s t  look a t  no ise  e f f e c t s ,  p a r t i c u l a r l y  
f o r  the  X - 2 1  p r o j e c t .  Concerns f o r  the  p o s s i b l e  noise  problems on t h e  X-21 
( r e f s .  315 and 316) l e d  t o  s e v e r a l  wind-tunnel and f l i g h t  t e s t s .  (See r e f s .  267 



and 317 t o  322 . )  In p a r t i c u l a r ,  the  f l i g h t  t e s t s  ( r e f .  321) showed t h a t ,  
t r a n s o n i c a l l y ,  t he  r a d i a t e d  tu rbu len t  boundary-layer noise  was l a r g e r  than 
the  propulsion noise .  

The r e s u l t s  from the  Northrop wind-tunnel s t u d i e s  of no ise  inf luence  upon 
LFC systems ( r e f s .  262, 320, 322, 323, and s e c t i o n  11 of r e f ,  93, pp. 155-156) 
i n d i c a t e d  t h a t  increased  suc t ion  could succes s fu l ly  s t a b i l i z e  low-speed boundary 
l a y e r s  e x c i t e d  by sound d i s tu rbances ,  and t h a t  the  c r i t i c a l  sound frequency 
range was r e l a t i v e l y  broad. Both e x t e r n a l  and i n t e r n a l  (duc t  no ise)  sound had 
s i m i l a r  e f f e c t s  upon t r a n s i t i o n .  References 324 t o  326 conta in  more r ecen t  work 
on no i se  problems. 

Other Applicat ion I s sues  and Information 

Methods f o r  t r a n s i t i o n  determinat ion i n  f l i g h t . -  References 327 t o  334 pro-  
v ide  eva lua t ion  of s e v e r a l  techniques s u i t a b l e  f o r  measuring t r a n s i t i o n  l o c a t i o n  
i n  f l i g h t .  P o s s i b i l i t i e s  inc lude  (1) l i q u i d  c r y s t a l s ,  (2)  su r f ace  h o t  f i lms  
( r e f .  332) ,  and (3)  s u r f a c e  microphones. Older (and q u i t e  accura te  b u t  more 
d i f f i c u l t )  methods were su r f ace  p i t o t  t r a v e r s e s  and ch ina  c l ay  ( e .  g. , r e f .  330) . 

Suction duc t ing  design.-  Most of the  research  on s u c t i o n  duc t ing  design 
( r e f s .  240, 335 t o  350, and s e c t i o n s  4 and 5 of  r e f .  93) was conducted i n  t he  
1950 ' s  a t  Northrop. The major design problem i s  t o  keep the  duc t  l o s s e s  small  
so t h a t  s u c t i o n  i s  approximately cons tan t  a long i s o b a r s .  An equa l ly  important  
goa l  i s  the  product ion of  a q u i e t ,  s t a b l e  duc t  flow t o  avoid d is turbance  feed- 
back through the  suc t ion  su r f ace  and consequent flow d e s t a b i l i z a t i o n .  "Organ- 
p ipe"  resonances and shear - layer  noise  coupling,  l ead ing  t o  l a r g e  d is turbances ,  
can occur  i f  t h e  design i s  no t  we l l  done. Acoustic t rea tment  wi th in  the  suc t ion  
duc t s  may a l s o  be necessary.  

Incorpora t ion  of high l i f t  f o r  take-off and landing.-  E f f i c i e n t  CTOL a i r -  
c r a f t  gene ra l ly  employ high l i f t  devices  (e .  g . ,  r e f  s. 351 t o  358) , usua l ly  i n  
t h e  leading-edge reg ion ,  f o r  take-of f  and landing.  The incorpora t ion  of  such 
devices  i n  an LFC wing is d i f f i c u l t ,  p a r t i c u l a r l y  near  t h e  l ead ing  edge, because 
of  t h e  LFC roughness and waviness requirements and t h e  n e c e s s i t y  f o r  s u c t i o n  
through the  s u r f a c e  over  the  r e t r a c t e d  f l a p  i n  c r u i s e .  One approach, c u r r e n t l y  
under s tudy  by Pfenninger ,  i s  t o  reduce t h e  leading-edge-region u n i t  Reynolds 
number and r ad ius ,  s o  t h a t  some reasonable d i s c o n t i n u i t i e s  can be t o l e r a t e d .  I n  
t h i s  approach, t h e  s u c t i o n  requirement is  reduced, and a Krueger nose f l a p  can 
be used. 

An a l t e r n a t e  approach is  t o  combine a h i g h - l i f t  BLC (boundary-layer c o n t r o l )  
s u c t i o n  scheme wi th  t h e  LFC suc t ion  hardware ( r e f s .  354 t o  358).  For unswept 
wings the  r equ i r ed  s u c t i o n  d i s t r i b u t i o n s  a r e  q u i t e  d i f f e r e n t  f o r  t he  two pur-  
poses  (reducing leading-edge sepa ra t ion  (BLC) and keeping flow laminar (LFC) ) . 
However, f o r  t h e  three-dimensional case cons iderable  suc t ion  is requi red  i n  t he  
leading-edge reg ion  t o  s t a b i l i z e  c r o s s  flow; t h e r e f o r e ,  t h e  two systems may per -  
haps be compatible.  Extensive l i t e r a t u r e  e x i s t s  on s u c t i o n  BLC b u t  i s  n o t  
r e f e r r e d  t o  he re in  i n  t h e  i n t e r e s t s  of  space.  This  l i t e r a t u r e  i s  e a s i l y  acces- 
s i b l e .  A p o s s i b l e  problem with LFC suc t ion  system ope ra t ion  dur ing  take-off and 



landing i s  clogging from low-al t i tude ( a i rpo r t - r eg ion )  p a r t i c l e s  and runway 
d i r t ,  p o l l u t i o n ,  d e b r i s ,  and r a i n .  

Environmental e f f e c t s .  - Several  cons idera t ions  a r e  included i n  t h i s  catch-  
a l l  s e c t i o n  ( see  e s p e c i a l l y  r e f .  359) : (1) e f f e c t s  of r a i n  upon LFC performance 
(LFC gene ra l ly  l o s t  i n  r a i n ,  b u t  regained s h o r t l y  a f t e r  leav ing  r a i n y  a r e a ,  
r e f .  360) , and ( 2 )  in f luence  of  i c e  clouds,  humidity, and l o c a l  reg ion  of small-  
s c a l e  atmospheric turbulence ( r e f s .  361, 362, and p .  27 of  r e f .  9 4 ) ,  weathering 
e f f e c t s  upon su r f ace  q u a l i t y  ( r e f s .  363 t o  365) ,  and i c e  p r o t e c t i o n  ( s e c t i o n  14 
of r e f .  93) . 

Surface geometry.- There a r e  a t  l e a s t  two problem a reas ,  wing-fuselage 
juncture-region design and concave curva ture  d e s t a b i l i z a t i o n  causing e a r l y  
t r a n s i t i o n .  For the  juncture-region problem t h e  wing i soba r s  should probably 
be k e p t  as s t r a i g h t  a s  p o s s i b l e ,  a t  l e a s t  u n t i l  t he  " tu rbu len t  wedge" from t h e  
gene ra l ly  unlaminarized fuse lage  and wing a r e  laminarized. The i n t e r s e c t i o n  
(and the  s u c t i o n  system) must then be designed t o  keep laminar flow i n  t h e  
immediate v i c i n i t y  of the  corner  a s  we l l  a s  downstream on t h e  fuse l age  where 
the  wing wake i s  a  p a r t i c u l a r  problem. Most of the  i n t e r s e c t i o n  research  was 
again done by Northxop ( r e f s .  311, 312, 315, 316, 320, 321, and 366 t o  372) ,  
with t h e  a d d i t i o n  of a  well-documented U.K.  s tudy ( r e f .  373) . Considerably 
more r e sea rch  i s  requi red  on t h i s  problem, a s  indeed i s  the  case f o r  t h e  o r d i -  
nary s i t u a t i o n ,  where both su r f aces  have t u r b u l e n t  flow e n t e r i n g  t h e  corner .  

The concave curvature problem ( e . g . ,  r e f s .  244 and 374 t o  388) a l s o  
r equ i r e s  much more research.  There i s  no r e a l  agreement, even about  t he  c o r r e c t  
computed n e u t r a l  s t a b i l i t y  curve ( r e f .  388).  The b a s i c  phys ics  f o r  concave sur -  
f aces  involves  formation of s t a t i o n a r y  ~ o r t l e r  v o r t i c e s  wi th in  t h e  boundary 
l a y e r  ( r e f .  375).  For t he  two-dimensional (unswept) , incompressible ,  no-suction 
pa ra l l e l - f l ow case ,  A. M. 0 .  Smith ( r e f .  376) showed t h a t  an en approach 
( r e l a t i n g  s t a b i l i t y  theory f o r  concave su r f aces  t o  experiment through a  su r f ace -  
i n t e g r a t e d  ampl i f i ca t ion  r a t e )  worked q u i t e  w e l l ,  and t h i s  1955 work i s  s t i l l  
the  s t a t e  o f  t h e  a r t .  Kobayashi ( r e f s .  386 and 387) has  shown t h a t  s u c t i o n  
should be s t a b i l i z i n g  i n  t he  G r t l e r  case  a l s o ,  b u t  t h e r e  i s  a need, p a r t i c u -  
l a r l y  f o r  s u p e r c r i t i c a l  a i r f o i l  a p p l i c a t i o n s ,  t o  extend the  ~ o r t l e r  research ,  
both experimental  and t h e o r e t i c a l ,  t o  t he  compressible,  nonpa ra l l e l ,  s u c t i o n ,  
and swept leading-edge (three-dimensional) cases .  

S t r u c t u r e s ,  ma te r i a l s ,  and propuls ion  and pumping systems? - These a r e a s  
have problems which a r e  j u s t  a s  c r i t i c a l  t o  the  development of'an optimized 
LFC a i r c r a f t  a s  t he  aerodynamic i s s u e s .  An LFC app l i ca t ion  can probably accrue 
cons iderable  b e n e f i t  from a s y n e r g i s t i c  design where propuls ion ,  s t r u c t u r e s ,  
ma te r i a l s ,  and aerodynamics and boundary-layer theory a r e  considered and o p t i -  
mized s imultaneously.  The reason f o r  t h e  emphasis thus  f a r  i n  t h i s  r e p o r t  on 
t h e  aerodynamic s i d e  is  t h a t  LFC must f i r s t  be obta ined ,  e a s i l y  and repea ted ly ,  
before  it makes sense t o  look a t  optimized systems. For example, t he  type of  
suc t ion  s u r f a c e ,  o r  t he  smoothness requirements ,  can d i c t a t e  and narrow s t r u c -  
t u r a l  and m a t e r i a l  op t ions .  

For t he  n a t u r a l  laminar flow case ,  where a  key problem i s  roughness and 
waviness, t he  use of smooth molded o r  p l a s t i c  wings i s  an a t t r a c t i v e  concept 



( r e f s .  389 t o  391) . The e a r l y  s t r u c t u r a l  research  on Laminar flow wings was 
mainly concerned wi th  minimizing d i s t o r t i o n  (waviness) under load ( r e f s ,  392 
and 393).  For the s u c t i o n  case ,  the  s t r u c t u r a l  design of both p e r f o r a t e d  
( r e f s .  284 and 3943 and s l o t t e d  su r f aces  (sefs, 395 t o  399 and s e c t i o n  15 of 
r e f .  93) has been cons idered ,  the  l a t t e r  i n  t h e  most d e t a i l .  The manufacturing 
problems of  LFC panels  a.nd wings a r e  d iscussed  i n  re ferences  2781 306, and 400 
t o  404. 

In  the  propuls ion  a r e a ,  t he  a v a i l a b l e  information covers t he  range from 
p r o p e l l e r s  ( r e f .  405) t o  cyc le  c a l c u l a t i o n s  f o r  an LFC SST. The s t u d i e s  cover 
two a reas ,  main propuls ion  ( r e f s .  406 t o  412) and suc t ion  systems ( r e f s .  413 
t o  417) ,  i nc lud ing  cons idera t ion  of  "engine o u t "  condi t ions  ( r e f .  418) .  

V I .  SUMMARY OF LAMINAR FLOW AERODYNAMIC GROUND STUDIES 

H i s t o r i c a l l y  t h e r e  have been two b a s i c  reasons  f o r  LFC wind-tunnel t e s t i n g :  
f e a s i b i l i t y  and design checks and b a s i c  s t u d i e s  o f  phenomenology and phys ics .  
By f a r  the bulk of t he  a v a i l a b l e  d a t a  belong t o  the  f i r s t  category,  with 
d e t a i l e d  l o c a l  measurements (second category)  made genera l ly  a s  a  l a s t  r e s o r t  
when d i f f i c u l t i e s  a r e  encountered,  Problems which engendered cons iderable  b a s i c  
"micromeasurements" a r e  t he  spanwise turbulence contamination i s s u e  and t h e  
swept-wing t r a n s i t i o n  phenomena i n  genera l  (which a r e  q u i t e  d i f f e r e n t  from t h e  
two-dimensional case  ( r e f s .  419 t o  424) ) . References 425 t o  429 provide  t y p i c a l  
examples of  o t h e r  b a s i c  research  s t u d i e s  i n  t he  LFC a r e a  involv ing  d e t a i l e d  
f l u c t u a t i o n  measurements. (See a l s o  s e c t i o n  e n t i t l e d  "Acoustic E f f e c t s .  " )  

There i s  an important  need f o r  f u r t h e r  d e t a i l e d  measurements t o  (1) v a l i d a t e  t he  
new genera t ion  of s t a b i l i t y  t h e o r i e s  through d i r e c t  comparison with ampl i f ica-  
t i o n  r a t e s  and amplif ied f requencies ,  and ( 2 )  provide phys i ca l  i n s i g h t  i n t o  t h e  
phys ics  of  s i t u a t i o n s  such a s  t he  p o s s i b l e  supe rpos i t i on  o r  i n t e r a c t i o n  of  
G r t l e r  v o r t i c e s  and s t a t i o n a r y  d is turbance  v o r t i c e s  (concave curva ture  reg ions  
on s u p e r c r i t i c a l  swept wings) .  

A s  s t a t e d  e a r l i e r ,  t he  wind-tunnel LFC d a t a  a r e  s u b j e c t  t o  ques t ion  con- 
cern ing  t h e  in f luence  of  var ious  f a c i l i t y  d is turbance  modes such a s  v o r t i c i t y ,  
acous t i c ,  and temperature f l u c t u a t i o n s .  A l l  o f  t he  d a t a  a r e  suspec t  i n  terms of  
t he  v a l i d i t y  o f  l i n e a r  s t a b i l i t y  theory ,  b u t  i n  g r e a t e r  o r  l e s s e r  degree depend- 
i n g  upon the l e v e l ,  s c a l e ,  s p e c t r a ,  and o r i e n t a t i o n  of  t he  s t ream dis turbances .  
The s p e c i a l  d i f f i c u l t y  comes when it i s  r e a l i z e d  t h a t  s t ream dis turbance  d a t a  
a r e  genera l ly  e i t h e r  n o t  we l l  documented o r  nonexis ten t .  (See r e f s .  430 t o  433 
f o r  one of t he  b e t t e r  s t u d i e s  i n  t h i s  a r e a . )  One of t he  reasons f o r  the  e a r l y  
NACA success  wi th  n a t u r a l  laminar flow a i r f o i l s  was the  e a r l y  development by 
NACA of  a low d is turbance  tunnel  ( r e f .  28 ) .  The importance of documenting and 
reducing s t ream d i s tu rbances  cannot be overemphasized f o r  LFC wind-tunnel 
s t u d i e s .  

Tables I11 t o  V I  conta in  a  summary of  much of t he  a v a i l a b l e  laminar flow 
wind-tunnel da t a .  The Ames 12-Foot Pressure  Wind Tunnel d a t a  a r e  covered i n  
t a b l e  11, and the  Northrop 33O wing t e s t s  a r e  covered i n  the  s e c t i o n  e n t i t l e d  
"Acoustic E f f e c t s .  " 



The con ten t  of t a b l e s  111 t o  V I  i s  a s  fo l lows:  

Table 111 - Natural  laminar flow i n v e s t i g a t i o n s  ( s ee  a l s o  r e f s .  24 t o  46 ) .  

More r e c e n t  research  on n a t u r a l  laminar  flow a i r f o i l s  f o r  low Reynolds 
number a p p l i c a t i o n  i s  given,  f o r  example, i n  r e f e r ences  434 and 435. 

Table I V  - Subsonic tube  experiments wi th  suc t ion .  

Table V - Externa l  flow subsonic  suc t ion  experiments.  

Table V I  - Supersonic  s u c t i o n  experiments.  

V I I .  AlYALYTICAL DETERMINATION OF SUCTION AND PRESSURE-GRADIENT 

FSQUIREMENTS FOR LAMINAR FLOW 

Ear ly  Approaches 

The e s t i m a t i o n  o f  s u c t i o n  and p re s su re -g rad i en t  requirements and t h e i r  
op t imiza t ion  i s  e s s e n t i a l l y  a  t h r ee - s t ep  process :  (1) c a l c u l a t i o n  o f  mean 
(v i scous)  flow development, (2) c a l c u l a t i o n  of  t h e  unsteady, o r  s t a b i l i t y ,  
c h a r a c t e r i s t i c s  o f  t he se  p r o f i l e s ,  and (3)  r e l a t i o n  o f  t h e  s t a b i l i t y  theory 
r e s u l t s  (gene ra l l y  l i n e a r )  t o  t h e  t r a n s i t i o n  l o c a t i o n  ( n o n l i n e a r ) .  The l a s t  
i t e m  i s  empi r i ca l ,  b u t  postponing t h e  i n t r o d u c t i o n  of  empir ic ism u n t i l  a s  l a t e  
a  s t a g e  a s  p o s s i b l e  i n  t h e  a n a l y s i s  gene ra l l y  l eads  t o  more r e l i a b l e  r e s u l t s .  
For example, empi r i ca l  i n p u t  could t ake  t he  p l a c e  o f  t h e  e n t i r e  process .  One 
could run tests and c o r r e l a t e  t r a n s i t i o n - l e n g t h  Reynolds number wi th  suc t ion  
r a t e  o r  p r e s s u r e  g rad i en t .  There a r e  no boundary-layer o r  s t a b i l i t y  theory 
c a l c u l a t i o n s  anywhere i n  such a  procedure ,  b u t  o f  course ,  n e i t h e r  is  t h e r e  any 
p o s s i b i l i t y  of gene ra l i z ing  t h e  r e s u l t  t o  t h e  a i r f o i l  c a s e ,  where r a t e  processes  
and h i s t o r y  e f f e c t s  a r e  important .  Because o f  t h i s  h i s t o r y  a s p e c t  o f  t h e  a i r -  
f o i l  problem, boundary-layer and s t a b i l i t y  c a l c u l a t i o n s  a r e  q u i t e  necessary f o r  
good laminar  flow design.  

The e a r l y  nons imi la r  boundary-layer s o l u t i o n s  were gene ra l l y  e i t h e r  of  t h e  
i n t e g r a l  type (e. g. , r e f .  436) o r  involved o t h e r  approximations ( r e f .  437) . 
Once boundary-layer p r o f i l e s  a r e  a v a i l a b l e ,  t he  nex t  s t e p  involves  a p p l i c a t i o n  
of  s t a b i l i t y  theory .  The i n i t i a l  approach involved use o f  the n e u t r a l  curve 
only,  and i n  p a r t i c u l a r ,  t h e  lower c r i t i c a l  Reynolds number ( r e f s .  438 and 439) .  
This  Reynolds number was co r r ec t ed  empi r i ca l l y  by r e l a t i n g  some func t ion  of t h e  
lower c r i t i c a l  Reynolds number t o  t h e  observed t r a n s i t i o n  l o c a t i o n  ( r e f s  . 440, 
441, and s e c t i o n  2 of  r e f .  9 3 ) .  Reference 442 i s  recommended a s  a  r e l a t i v e l y  
d e t a i l e d  summary of  pre-1968 mean-flow c a l c u l a t i o n s  f o r  s u c t i o n  a p p l i c a t i o n ,  
while r e f e r ences  443 t o  445 a r e  i n d i c a t i v e  of  more r e c e n t  research  i n  t h e  same 
vein.  



Mean-Flow Calculat ions 

The a v a i l a b i l i t y  of la rge  computational machinery s ince  the middle 1960's 
has revolut ionized mean-flow (and s t a b i l i t y )  ca lcu la t ions .  The e s s e n t i a l  change 
i s  the  use of d i r e c t  numerical so lu t ion  techniques f o r  the  complete nonlinear  
governing equations (e .g . ,  r e f .  446). This allows inc lus ion of h i s to ry  e f f e c t s  
a s  well  a s  f u l l  Navier-Stokes ca lcula t ions  (when requ i red) .  More approximate 
techniques a re  s t i l l  sometimes used, p a r t i c u l a r l y  f o r  simple parametric  s t u d i e s  
( r e f .  447),  ex t rac t ion  of ana ly t i ca l  funct ional  dependencies ( r e f .  448) ,  o r  
three-dimensional flows ( r e f .  449). However, the  newer numerical techniques 
and development of f a s t e r  machines has brought complete numerical boundary-layer 
so lu t ions  well  within the  range of a l l  b u t  the smal les t  budgets. Reference 446 
contains a review and l i s t i n g  of most of the  numerical-solution programs appl i -  
cable t o  the  compressible wing problem. Several  even newer methods a r e  s t i l l  
under development. 

Other flow ca lcu la t ions  of i n t e r e s t  t o  LFC, besides d i s t r i b u t e d  suc t ion ,  
include d e t a i l s  o f  the  flow near a suct ion  s l o t  ( r e f s .  450 t o  453),  suct ion  i n  
streamwise corner ( i n t e r s e c t i o n )  regions ( r e f .  454) , and spanwise per turbat ions  
i n  suct ion  ( r e f .  455). 

S t a b i l i t y  Theory 

Deta i l s  o f  the  s t a b i l i t y  theory approach and i t s  appl ica t ion  a r e  the  most 
important p a r t  of an LFC design procedure. The p re requ i s i t e  mean-flow calcula-  
t i o n ,  while sometimes d i f f i c u l t ,  is a t  l e a s t  r e l a t i v e l y  straightforward as  long 
as  the flow i s  laminar. The s t a b i l i t y  theory quest ion is  not  s o  s t ra ight forward .  
Unt i l  the  e a r l y  1970fs ,  seve ra l  important assumptions were commonly made i n  such 
ca lcu la t ions ,  inc luding l i n e a r  ( l e s s  than O ( 1  p e r c e n t ) )  per turbat ions ,  and 
l o c a l l y  p a r a l l e l  mean flow. For low-stream and surface  disturbance l e v e l s  (both 
steady and unsteady) where a h igh- in tens i ty  bypass does not  occur, the  ac tua l  
t r a n s i t i o n  process ( a t  l e a s t  on a f l a t  p l a t e )  does have a l a rge  (streamwise) 
l i n e a r  region with exponential amplif icat ion.  The quest ion then,  i n  regard t o  
the  l i n e a r  assumption, i s  how t o  r e l a t e  a l i n e a r  ca lcu la t ion  t o  a nonlinear  
physica l  process ( t r a n s i t i o n ) .  The l o c a l l y  p a r a l l e l  flow assumption conven- 
t i o n a l l y  cons i s t s  of two p a r t s ,  neglec t  of the  t ransverse  (normal t o  the  wal l )  
ve loc i ty ,  and neg lec t  of strearnwise de r iva t ive  terms. Recent ca lcu la t ions  a t  
VPI&SU by S a r i c  and Nayfeh ( r e f .  456) ind ica te  t h a t  the  p a r a l l e l  flow assump- 
t i o n ( ~ )  can e a s i l y  introduce an e r r o r  on the  order  of 20 percent  i n  the  com- 
puted ampl i f ica t ion  r a t e ,  with the nonpara l le l  being lower f o r  the  suct ion  case.  

References 457 and 458 provide a useful  background i n  s t a b i l i t y  theory. 
Because of the  penalty associa ted  with keeping the  flow completely s t a b l e  (below 
the  lower c r i t i c a l  Reynolds number), some disturbance amplif icat ion should be 
allowed t o  occur, bu t  i t s  amplitude must no t  be allowed t o  reach a l e v e l  s u f f i -  
c i e n t  t o  induce ca tas t roph ic  ( t r a n s i t i o n a l )  growth. Use of the  ampl i f ica t ion  



region of t h e  s t a b i l i t y  diagrams al lows determinat ion of  t h e  growth r a t e s  
r equ i r ed  t o  eva lua t e  whether ampl i f ied  d i s turbances  remain w i th in  bounds. 
A. M. 0. Smith ( r e f s .  6  and 8) was among the  f i r s t  t o  propose t h e  e9 o r  en 
method f o r  two-dimensional flows with and without  p r e s su re  g r a d i e n t s ,  The 
b a s i c  approach i s  t o  keep the  A/AO r a t i o  below en .  Here A i s  t h e  l o c a l  
d i s tu rbance  amplitude ( f o r  a  p a r t i c u l a r  f requency) ,  ob ta ined  by i n t e g r a t i n g  
the  s p a t i a l  amp l i f i ca t i on  r a t e s ,  and A0 i s  the  value a t  t h e  n e u t r a l  s t a b i l i t y  
p o i n t .  This  approach has  been extended t o  suc t ion  ( r e f .  459) ,  bodies  o f  revo- 
l u t i o n  ( r e f .  460) , compressible flow ( r e f ,  461, which s t r e s s e s  t h e  c r u c i a l  
i n f luence  o f  e x t e r n a l  d i s tu rbances  upon t h e  value of n )  , and three-dimensional  
wings ( r e f .  4 ) .  Reference 462 provides  a  r ecen t  eva lua t ion  o f  t h e  e9 method. 
Although h igh ly  empi r i ca l ,  t h e  en approach is  gene ra l l y  q u i t e  a c c u r a t e ,  a t  l e a s t  
i n  t h e  absence of l a r g e  imposed d i s tu rbances  which can produce a  h igh - in t ens i t y  
o r  non l inea r  bypass. (See r e f .  463 f o r  v a r i a t i o n  o f  n  wi th  s t ream d i s t u r -  
bance l e v e l .  ) One explana t ion  f o r  t h e  success  o f  t h i s  approach i s  t h a t  most o f  
t h e  boundary-layer t r a n s i t i o n a l  p roces s  ( a t  l e a s t  f o r  t h e  two-dimensional, 
dP/dx " 0 case)  i s  l i n e a r ,  wi th  t h e  non l inea r  region be ing  f a i r l y  s h o r t .  This 
i s  n o t  t h e  case  f o r  a  f r e e  shear-flow t r a n s i t i o n  region.  

References 464 t o  473 document s t a b i l i t y  theory  developments o f  p a r t i c u -  
l a r  i n t e r e s t  t o  LFC. Extensions i nc lude  (1) axisymrnetric geometry ( r e f .  474) , 
(2)  w a l l  cool ing  o r  hea t ing  ( r e f s .  475 t o  479) ,  (3 )  e x t e r n a l  tu rbulence  
( r e f .  480) ,  and ( 4 )  su r f ace  pe rmeab i l i t y  ( r e f s .  481 and 482) .  The forthcoming 
monograph o f  M. V .  Morkovin should be consul ted  f o r  a  d e t a i l e d  expos i t i on  o f  
s t a b i l i t y  theory  v a r i a n t s  and t r a n s i t i o n .  

Ana ly t i ca l  Optimizat ion 

Considerable  a n a l y t i c a l  e f f o r t  went i n t o  op t imiza t ion  o f  n a t u r a l  laminar  
flow a i r f o i l s  and bodies  ( r e f s .  28 (NACA 6 - se r i e s )  , 40, 52, and 483 t o  493) .  
The G r i f f i t h - p r o f i l e  a n a l y t i c a l  r e sea rch  (e. g. , r e f s .  483 t o  487) sought  f i r s t  
t o  des ign  opt imal  t h i c k  wings and l a t e r  t o  compute f i x e s  t o  t he  o r i g i n a l  des igns  
a s  tests i n d i c a t e d  d i f f i c u l t i e s .  Major problems wi th  t he  G r i f f i t h  s e c t i o n s  
inc luded  a  low c r i t i c a l  s t ream Mach number and i n s t a b i l i t i e s  and h igh  pumping 
l o s s e s  a s s o c i a t e d  wi th  t r a n s i t i o n a l  flow i n t o  t h e  suc t ion  s l o t s .  One des ign  
technique f o r  low Cf i s  t o  keep t h e  boundary l a y e r  c lo se  t o  s e p a r a t i o n  i n  t h e  
p r e s s u r e  recovery region.  Because of  t h e  s e n s i t i v i t y  of  laminar  flows and 
t r a n s i t i o n  t o  adverse dP/dx, t h i s  i s  accomplished most e a s i l y  wi th  t u r b u l e n t  
flows ( r e f .  489) .  A s  s t a t e d  p rev ious ly ,  most of t h e  c u r r e n t  n a t u r a l  laminar  
flow research  i s  focused on sma l l ,  r e l a t i v e l y  low-speed a i r c r a f t  ( r e f s .  42 
and 492) .  

The opt imiza t ion  of  s u c t i o n  LFC s u r f a c e s ,  where t h e  a i r f o i l  contour  and 
i n s t a b i l i t y  growth a r e  considered s imultaneously,  has  n o t  y e t  rece ived  s u f f i -  
c i e n t  c a r e f u l  a t t e n t i o n .  Since t he  convent ional  des ign  method (en)  involves  a  
pa th  i n t e g r a l  of t h e  l o c a l  a m p l i f i c a t i o n  r a t e ,  t h e  problem o f  determining an 
optimum s u c t i o n  mass flow d i s t r i b u t i o n  us ing  t h i s  approach i s  n o t  unique. 
Options i nc lude  ( 1) performing moderate suc t ron  e a r l y ,  followed by maintenance 



l e v e l s ,  o r  ( 2 )  low l e v e l s  of s u c t i o n  e a r l y ,  followed by l a r g e  l e v e l s  when d i s -  
turbances begin t o  b u i l d  up. The former approach has  gene ra l l y  proven t o  be  
supe r io r .  Besides  t h e  de te rmina t ion  o f  an optimum suc t ion  l e v e l  and d i s t r i b u -  
t i o n  ( c u r r e n t l y  v i a  t r i a l  and e r r o r  us ing  a n a l y s i s  t e chn iques ) ,  ga in s  can 
probably be made by combining favorab le  p re s su re  g rad i en t s  with s u c t i o n  and by 
t ak ing  i n t o  account  t h e  d i s c r e t e  na tu re  o f  porous s t r i p  and s l o t  suc t ion .  Ref- 
e r ences  494 t o  500 document var ious  approaches t o  suc t ion  opt imiza t ion .  

Langley Re sea rch  Center  
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
March 2 6 ,  1979 





NOTATION USED IN TABLE I 

AEDC Arnold Engineering Development Center 

ARC Aeronautical Research Council 

ARI Aeronautical Research Institute, University of Tokyo 

ARL Aeronautical Research Laboratory 

A.V.A. ~gttingen Aerodynamische Versuchsanstalt ~6ttin~en 

LETS Low Energy Transportation Systems 

MSU Mississippi State University 

NAARI North American Aviation Rockwell Institute 

NBS National Bureau of Standards 

NOTS/ONR Naval Ordnance Test Station/Office of Naval Research 

NPL National Physical Laboratory 

NUC Naval Undersea Center 

ONERA Office National d'Etudes et de Recherches Aerospatiales 

R.A.E. Royal Aircraft Establishment 

T.H. Technische Hochscule 

+++ Pfenninger's path 

--- Carmichael's path 



TABLE I . -  PRINCIPAL INVESTIGATOWS 
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TABLE 1 1 . -  SUI4l4ARY O F  F L I G H T  AND LOW DISTURBANCE GROUND T R A N S I T I O N  

a~rivate communication from N i g e l  Gregory. British Embassy, Washington, D.C. 



DATA SUITABLE FOR RELATING STRBILITY THEORY AND TRANSITION LOCATION 

I Disturbance var ia t ion  1 wasurements 
I Coments. addit ional  

information I Results 

Wavlness varied (not  
control led o r  
measured) 

Local p i t o t ,  p r o f i l e  
drag from wake 
momentum loss ,  some 
surface s t a t i c  

14% thick up t o  1.7-m (5 .7- f t )  
chord 

25% thick up t o  2.1-m (7- f t )  chord 
Wing sect ion coordinates given 
Glove surface s t i f fened  and 

polished 

/ P r o f i l e  drag 

x/c - O(0.3 up t o  0.4) 

With and without 
p rope l le r  s l ips t ream 
(s t rength  varied) 

Atmospheric 
turbulence (no 
e f f e c t  noted) 

Waviness and prope l le r  
noise varied 

Surface p i t o t ,  "raised" 
p i t o t  

Summary of several  f l i g h t  s tudies 
(various a i r c r a f t ,  wing profi les)  

Insuf f ic ien t  d e t a i l s  given for  
s t a b i l i t y  theory applicat ion 

Transi t ion m0ve.d back from 
x/c = 0.4 t o  x/c c 0 . 4 5  
( s t a r t  of adverse pressure 
gradient)  by s l o t  suct ion 
(9 s l o t s )  

"Over suction" not benef ic ia l  

Natural laminar flow a i r f o i l s  
had 0(27%) lower drag i n  
f l i g h t  than conventional 
a i r f o i l s  

Suction d i s t r i b u t i o n ,  
veloci ty p r o f i l e s  

Power s e t t i n g ,  with anc 
without p rope l le r  
s l ipstream 

surface f i n i s h  (XP-47F) 

Waviness measured ( f i g .  29 of 
r e f .  502) 

Data obtained a s  f(CL,)  
Local edge v e l o c i t i e s  given 
Wing sect ion coordinates given 
Surface may have d i s t o r t e d  

under load 

Waviness measured 
5.2-m (17-ft) chord 
A i r f o i l  coordinates given 
Suction s l o t  d e t a i l s  given 
Surface de te r iora ted  during 

experiments 

Limited surface pressure 
d i s t r ibu t ions  

Boundary-layer p r o f i l e s  
Wake surveys 

For high CL: t r a n s i t i o n  
observed wrthin adverse 
pressure-gradient region, 

R, up t o  5 x 106 

P i t o t  d i s t r i b u t i o n  Anson - NACA 2218 a t  roo t ,a  Transi t ion loca t ion  given 
NACA 2209 a t  t i p  as f (spanwise loca t ion)  

Courier - NACA 2219 a t  roo t ,a  x/c 5 0.05 i n  s l ips t ream 
NACA 2212 a t  t i p  X/C 5 0.25 outside of 

Special  smooth skin used, up t o  sl ipstream 
51.7 m (5.5 'it) from leading 
edge 

Surface pressure d i s t r ibu t ion  

-- 
Wake surveys, loca l  p i t o t  

s t a t i c  i n  boundary 
layer 

Surface pressure,  
veloci ty p r o f i l e s ,  
drag 

2.1-m (7- f t )  chord 
Surface waviness measured 
S-3 a i r f o i l  coordinates given i n  

r e f .  508 
A i r f o i l  coordinates given for  

Surface waviness, 
surface f i n i s h ,  
f l i e s ,  dust ,  water 

1.8-m (6- f t )  chord 
" F i l l e r "  used, performed 

s a t i s f a c t o r i l y  
Ident i f ied  the i n s e c t  problem 

Waviness measured 

P r o f i l e  coordinates given 
Limited external  veloci ty da ta  
CL varied 

A i r f o i l  coordinates given 
Waviness measured 
5.2-m (17-ft) chord 

Wake surveys 

Laminar f o r  x/c up 
t o  20% ( i n  sl ipstream) XP-47D 

Laminar f o r  x/c up t o  
50% (outside of 
s l ipstream) 

Laminar f o r  x/c of  20 
t o  25% ( i n  

Outside of s l ipstream 
Transi t ion not f(power 

s e t t i n g )  

Transi t ion occurred a t  
17.5% chord, i n  a loca l  
adverse pressure-gradient 
region, independent of CL 

Transi t ion a t  Rc = 26 x lo6 
x/c = 42% (engine o f f ,  small 

waviness) 
x/c = 39% (engine on, small 

waviness) 
x/c c 32.5% ( f a c t o r  of 5 

la rger  waviness) 

Transi t ion occurred a t  
60 t o  65% chord f o r  low 
waviness 



No suction 

(1) Cannichael 
and Raspet 

(m) Head 

(n) Head, 
e t  a l .  

(0) Pfenninger, 
e t  a l .  

(p) Burrows 
( l a t e r  
Landeryou 
and Porter)  

(q) Groth 

285, 513, 
5 14 

515 

67 

313, 314, 
516 t o  519 

520 t o  525 
(see a l so  

526) 

527 (see 
a l s o  528, 
529) 

TG-3A sa i lp lane  

Avron Anson 
a i r c r a f t  

Vampire a i r c r a f t  

F94 a i r c r a f t  

Anson, Lancaster, 
and l a t e r  Lincoln 
a i r c r a f t  

F94 a i r c r a f t  

NACA 4416 sect ion 
wing 

15% t / c  low-drag 
a i r f o i l  mounted 
a s  f i n  under 
fuselage 

Upper-surface wing 
glove 

Upper-surface wing 
glove 

Dorsal f i n  mounted 
on upper fuselage 
(geometry given 
i n  repor t s )  

Three bodies of 
revolution,  
mounted under 

0 

0 

0 
(mean. 

tapered) 
with lead- 
ing edge 
a t  11.50 

0 
(tapered) 

45, 42.6 

--- 

Perforated 
surface 

Porous surface 

Porous surface 

S lo t ted  surface 
(12, 69, and 
8 1  s l o t s )  

No suction 
i n i t i a l l y ,  
l a t e r  s l o t s  

No suction 

Up t o  37.5 d s e c  
(123 f t / sec)  

2 x 106 5 5 4 x 106 

Rc up t o  3.3 x lo6 

Rc up t o  29 x lo6 
(M, = 0.7) 

Rc up t o  36 x lo6 
(k&,, b, 0.726) 

Rc up t o  14 x lo6,  
on the order of 
91.4 d s e c  
(300 f t / sec)  

Rc up t o  30 x lo6 



Results 

Transi t ion beyond 50% chord 

Boundary-layer behavior may 
be dominated by waviness, 
s l o t  flow i n s t a b i l i t i e s  

Transi t ion evidently occurred 
a t  X/C of 0.61 up t o  0.63 
(see f i g .  42 of r e f .  512, 
f l i g h t  17 r e s u l t s )  

Transi t ion locat ion given as 
f (amount and loca t ion  of 
suct ion) 

Achieved s t a b i l i z a t i o n  i n  
adverse pressure grad ien t  
region 

Suction does not  a l l e v i a t e  
t r a n s i t i o n  roughness 
s e n s i t i v i t y  

Full-chord 1aminar.flow 
achieved 

Achieved full-chord laminar 
flow a t  Rc up t o  29 x 106 

No roughness problems up t o  
Reynolds number of 
12.1 x 106 per  meter 
(3.7 x 106 per foo t )  

Full-chord laminarizat ion up 
t o  PC = 36 x lo6 

Transi t ion locat ion given a s  
f fRc, a ,  span) 

88-in.) chord, unsucked, 

Body coordinates given 

Comments, addi t iona l  
information 

Waviness measured 
Limited surface Cp 
Data ava i lab le  

A i r f o i l  coordinates given 
Waviness measured 
2.4-m (8-ft)  chord 
Boundary layer  evidently 

tr ipped by s l o t  ( i f  not  
before)  

Location/amount of suct ion varied 
Well-documented study ( r e f .  285) 
1.5-m (5-ft) chord 

A i r f o i l  coordinates given 
Well documented 
With and without loca l  

pressure gradient  
Approximately 99-cm (39-in.) 

chord 

Approximately 2.4-m (8- f t )  chord 
A i r f o i l  coordinates given 
Waviness measured 
Some surface roughness problems 

2.3-m (7.5-ft) chord 
"Cr i t ica l"  conditions documented 

(minimum suction for  laminar 
flow) 

NACA 65-213 p r o f i l e  ( s imi la r  t o )  
Some surface pressure information 

given 
Surface waviness small 
Bug contamination not a problem 

above a l t i t u d e  of 7.6 km 
(25 000 f t )  

Well documented, an i n t e r e s t i n g  
and exce l len t  s e t  of experi-  
ments with sweep 

Essent ia l ly  three separate studies: 
(1) Ref. 522; 122-cm (48-in.) 
chord, unsucked, Anson; 
(2) ~ e f s .  523 and 527; 218-cm 

- 
Disturbance var ia t ion  

Surface waviness 

F l i e s  

Perforat ion spacing 

Roughness 

A i r c r a f t  v ibra t ion  
noise (with and 
without af terburner)  
gusty weather, 
f l i g h t  maneuvers 

Roughness and waviness 
(ref. 517) 

Measurements 

Surface pressure 
Wake surveys 

wake surveys 
Surface pressure 
Limited boundary-layer 

p r o f i l e s  

Transi t ion locat ion 
with stethoscope 

Boundary-layer p r o f i l e s  
Surface shear 

Boundary-layer p r o f i l e s  
Limited surface pressure 

da ta  
Waviness measured 
Local suct ion ve loc i ty  
Surface p i t o t  

Surface pressure 
Boundary-layer p r o f i l e s  

surface pressure 
Suction d is t r ibu t ion  
Boundary layer  measured 
Electronic stethoscope 

Surface p i t o t  
Boundary-layer p r o f i l e s  



TABLE 11.- 

P r l n c l p a l  
lnvestlgator(s) 

( r )  Banner, 
e t  a l .  

(s)  Raspet and 
Gyorgyfalvy 

(t) Pfennlnger  
and Gaul t  

(u)  Bo l t z ,  
Kenyon, and 
Allen 

(v) Hyde 

(w) Carlson,  
Pfennlnger ,  
and Bacon 

(x) S t a r k  

(y)  Zozulya and 
Cheranovskly 

A ,  deg 

27 

0 

30 

0 ,  10,  20, 
30, 40, 

50 

40 
( q u a r t e r  
chord) 

33 

30 

0 

Reference(s)  

530, 531  

5 32 

533 t o  537 

538, 539 

540 

317 t o  319, 
323, 542 

93, 94, 122, 
543 

544 

Suc t lon  type 

NO suction 

No suc t lon  

93 spanwlse 
s l o t s  

No s u c t l o n  

No s u c t l o n  

Spanw~se  s l o t s  

Spanwlse s l o t s  

Spanwlse s l o t s  

Speed o r  
Reynolds number 

1.2 < M, < 2 

RC up t o  2 .8  x lo6 

R~ up t o  29 x 106, 
low speed 

Rc up t o  40 x lo6,  
low speed t o  
M, S 0.47 

On t h e  o r d e r  o f  
91.4 m/sec 
(300 f t / s e c )  

R~ up t o  5 3  x lo6 
(low speed) 

Rc up t o  47 x lo6 
( t ransonkc)  

40 m/sec 
(131 f t / s e c )  

A l r c r a f t  o r  tunne l  

F rgh te r  a r r c r a f t  

Phoenlx sailplane 

Ames 1 2 - ~ o o t  
P ressu re  Wlnd 
Tunnel 

Ames 1 2 - ~ o o t  
Pressure  Wlnd 
Tunnel 

Lancaster  a i r c r a f t  

Ames 1 2 - ~ o o t  
P ressu re  Wlnd 
Tunnel ( r e f .  318) 
conducted I n  
Norarr 7- by 
10-foot  wlnd 
tunne l )  

X-21 a l r c r a f t  

Remotely p ~ l o t e d  
veh lc l e  

Conflgurat lon 

Wlng g love ,  
blconvex wlth  
t / c  = 3.4% 
( sha rp  lead-  
i n g  edge) 

Radlus = 0.254 cm 
( 0 . 1  I n . )  

Eppler  ( larmnar)  
a l r f o l l  

NACA 66-012 wxng 

TWO bod les  o f  
revolution, 
p l a t e ,  unswept, 
and swept wlngs 

Swept/tapered wlng 
RAE 102 symmetric 

s e c t ~ o n  
Coordinates glven 

I n  r e f .  541 

swept wxng, NACA 
64016 s e c t l o n  

Swept wlng 
(Cp v a r ~ a t ~ o n  
grven I n  
f l g .  6 . 1  o f  
r e f .  93)  

Unswept wlng ( a n -  
f o l l  may have t o  
be s c a l e d  from 
sketch I n  £19. 2 
of r e f .  544) 



Results  

RX up t o  8 X lo6 a t  
M = 2 on swept wrng 

Transrtlon location glven 
a s  f(CL) for  both 
upper and lower surfaces 

Achreved full-chord lamrnar 
flow (wlth suctron) a t  
R, up t o  29 * lo6 

Rx up t o  15 x 106 

Transrt ion onset  i n  
e s s e n t r a l  agreement with 
Owen/Randall c n t e r l a  

X/C glven a s  f (s) 

Rx up t o  47 X lo6 

Lamlnar t o  x/c up t o  0.8 

Comments, addltronal  
lnformatlon 

Two t r a n s l t l o n  detection 
methods used 

Llnuted, bu t  unlque, da ta  

Small wavlness 
A l r f o l l  coordinates glven 
0.97-m (3.2-f t)  chord 
-- - 

Contoured end p l a t e s  used 
Arr fo l l  coordinates glven 

Surface wavlness measured 
Transl t lon locat lon £( fan  blade 

angle, sound leve l  zn tunnel) 
NACA 642A015 sect lon (unswept 

and swept wlngs) 
Well documented 

Chord tapers from 236 cm (93 ~ n . )  
down t o  127 cm (50 rn . )  

Surface pressures tdbulated and 
p l o t t e d  

Thls 1s ac tua l ly  another In the 
Cranfleld s e r l e s  and came 
between r e f s .  524 and 525 

3-m (10-ft)  chord 
S l o t s  o r  surface f i n l s h  may not  

be optlnuzed In  t h l s  experlment 
Surface pressure has s p a t l a l  

o s c l l l a t l o n  around x/c s 0.08 

Detailed knowledge of  loca l  
suct lon r a t e s  evzdently lack- 
lng ,  some estimates available 
(see p .  42 of re f .  543) 

Low Reynolds number Sovlet f l l g h t  
exper~ment 

Correspondlng ground da ta  shown, 
f l l g h t  resu l t s  much b e t t e r  

Wavzness quoted 

r 

Dlsturbance variation 

surface f rn l sh  

Measurements 

Transztlon l o c a t ~ o n  from 
sublimation and surface 
gages 

Boundary-layer p r o f l l e s  
Surface pressure 

P 

Sound envrronment 

Roughness 
Suctlon duct nolse 
Wlng vibration 

Surface pressure 
Suctlon dzs t r ibu t lon  
Wake surveys 
Mlcrophones 

Surface pressure 
Mlcrophones ( for  t r a n s l -  

t lon  detect ion) 
Surface ho t  wlres 

Surface pressures 
Boundary-layer p r o f l l e s  

Microphone da ta  
surface pressure 

Wake drag 
Microphones 
Hot f i lm 

Free-stream turbulence 
Suctron r a t e s  
Wake drag 
Local hot wlre 



TABLE 111.- NATURAL LAMINAR FLOW INVESTIGATIONS 

[A = 0, low speed except  a s  noted] 

paper,  summary of  

(b) Frick and NACA 65 ,2 -0 16 
10-Foot Wind Tunnel, 
2.1-m (7 - f t )  chord 

t i o n a l  ones, b u t  t r a n s i -  
ness of 0.5 t o  s e c r e t  French repor t  t i o n  Reynolds number l o w  
0.65x/c) , one f o r  a l l  configurat ions 
conventional (suggest ing high strea.m 

disturbances)  

G r i f f i t h  approach f o r  
th icke r  a i r f o i l s ,  t r y -  
i n g  mainly f o r  s t r u c -  
t u r a l  advantage 

Conducted i n  NPL 13  f t  



TABLE 111. - Continued 

Pr inc ipa l  
Reference (s) 

i n v e s t i g a t o r  (s) 

j jg) Preston,  1 552 

I(h) Braslow and]  553 

has 55.5O 
sweep 1 

Configuration 

EQH1260 laminar 
a i r f o i l  (maxi - 
mum t / c  a t  
x/c = 0.6) 

16% th ick  G r i f f i t l  
s ec t ion  

NACA 65 (215) -114 

GLAS 11 31.5% 
t h i c k ,  G r i  f  f  i t h  
type l a rge  suc- 
t i o n  s l o t  0 . 6 9 ~  

30% th ick  Grif f i t 1  
sec t ion  

Comments 

Cal ibra t ion  tests f o r  
NPL 13 f t  by 9 f t  
wind tunnel  (only 
has 4 : l  cont rac t ion  
r a t i o ,  r e f .  551) 

Waviness measured 

Blowing r a t h e r  than 
suct ion  attempted f o r  
separa t ion  cont ro l  

6 defined using 
ve loc i ty  r a t i o  of 0.707 

Tests  conducted i n  
Langley low-turbulence 
pressure  tunnel  

Many problem areas  
i d e n t i f i e d ,  pr imar i ly  
associa ted  with suct ion  
and s l o t  systems 

Many of  the  s tud ies  made 
t o  support  GLAS I1 
f l i g h t s  ( r e f .  512) 

Ref. 560 used holes  a s  
well  a s  s l o t s  f o r  
suct ion  

Blowing r a t h e r  than suc- 
t i o n  (follow-on t o  
r e f .  552) 

Results  

Trans i t ion  occurred near  
p red ic ted  separa t ion  
p o i n t  

Suction scheme deemed 
b e t t e r ,  same cd ~ e q u i r e ;  
7 times a s  much a i r  f o r  
blowing as  f o r  suct ion  

R6 = 6700 up t o  8000 
Tests  up t o  Rc = 40 x 

Tripping boundary l a y e r  
going i n t o  s l o t  g r e a t l y  
helped s l o t  flow e f f i -  
ciency and decreased 
aerodynamic i n s t a b i l i t i e s  

Factor  of th ree  more mass 
flow required ( than f o r  
suct ion)  t o  obta in  same 
cd (separa t ion  con t ro l )  



TABLE 111.- Concluded 

I i nves t iga to r  (s)  

, (k)  Preston and 
Gregory 

(1) Pearcey and 
Rogers 

(n)  Gregory, 
e t  a l .  

Reference (s) 
7 

Configuration 

NACA 65.3.018 

22% th ick  G r i f f i t h  
sec t ion  

13% th ick  low-drag 
sec t ion  (maximum 
thickness a t  
approximately 
0.55x/c) 

30% th ick  G r i f f i t h  
sec t ion  

Comments 

Tested i n  NPL 13 f t  by 
9 f t  wind tunnel  

Curvature measured 

Compressibility sens i -  
t i v i t y  t e s t  

NPL 20 i n .  by 8 i n .  High 
Speed Tunnel 

Various s l o t  modifica- 
t i o n s  t r i e d  

Used s i n g l e  s l o t  t o  
r e e s t a b l i s h  laminar 
flow 

These a r e  r e a l l y  i n i t i a l  
r e s u l t s  i n  a  d i f f e r e n t  
sub jec t  a rea  - 
relaminarizat ion 
(see r e f .  564) 

Porous suct ion  over nose 
region of G r i f f i t h  
sec t ion  

This i s  a l i n k  between 
the  n a t u r a l  and forced 
laminar flow s t u d i e s  
(both used together)  

Results 

Laminar flow obtained 
beyond minimum pressure  
p o i n t  (x/c = 0.45) a t  
Rc = 9 x l o 6  

A s  might be expected, 
a i r f o i l  and suct ion  
sys tem performed poorly 
near  c r i t i c a l  condit ions 

Could relaminarize i n  
favorable dP/dx, suc- 
t i o n  of complete turbu- 
l e n t  boundary l a y e r  
required 

Dis t r ibuted  suct ion  
increased performance 
of Grif f  i t h  suction. 



TABLE 1 V . -  SUBSONIC TUBE EXPERIMENTS WITH SUCTION 

Pr inc ipa l  
inves t iga to r  (s 

(a)  Pfenninger 

(b) Pfenninger 

(c )  Pfenninger 

(d)  Pfenninger 
and Meyer 

[~ll of these  s t u d i e s  were c a r r i e d  ou t  a t  Northrop under Pfenninger 
(ent ry  region flow, not  developed p ipe  flow)] 

Reference (s) Configuration 

5.08-cm (2-in.) 
diameter tube,  
12.2 m (40 f t )  
long 

S lo t t ed  sec t ion  
added t o  o r i g i  - 
n a l  5.08-cm 
(2 -in. ) diameter 
tube 

Same as  r e f .  568, 
b u t  with a l l  
8 s l o t s  
functioning 

2.54-cm ( l - in .  ) 
and 5.08-cm 
( 2  -in. ) diam- 
e t e r  tubes 

Comments 

"Tare" experiments, no 
suct ion  

Sonic t h r o a t  a t  end of 
tube 

Honeycomb and 13 damping 
screens ahead of tube 

I n i t i a l l y  had problems 
with flow character-  
i s t i c s  and p e c u l i a r i -  
t i e s  associa ted  with 
confined flow 

One suct ion  s l o t  only 

No suct ion  

Results  

% up t o  19 x l o 6  
( s l i g h t l y  favorable 
dP/dx) 

Suction through s l o t  
des tab i l i zed  flow without 
favorable pressure  gradi-  
e n t  immediately downstream 
(obtained by reducing tube 
diameter) 

Obtained some pressure  
recovery i n  the  s l o t  
d i f f u s e r s  

R, up t o  53 x lo6  with 
flow accelera t ion  



TABLE I V .  - Concluded 

tube with hole 
inc luding e f f e c t s  of  t i o n  condit ion (3-D d i s -  

turbances from hole 
des tab i l i z ing)  

I d e n t i f i e d  t r a i l i n g  vor t i ce  
diameter tube experiments f o r  hole  from holes  

adverse dP/dx 
27% less suct ion  required 



TABLE V. - EXTERNAL FLOW SUBSONIC SUCTION EXPERIMENTS 

[A z 0, low speed except  a s  noted] 

(a] Holstein up t o  3.2 x 106 

Problems with roughness 

F l a t  p l a t e  with 

s l o t  geometries and obta in  pressure  
and a 17% th ick  recovery i n  s l o t  flow 
laminar a i r f o i l  

from 0.02 t o  0.2% 
Varied s l o t  geometry and 

Porous (poros i ty  had appreciable 



TABLE V. - Continued 

Pr inc ipa l  Reference (s) 
i n v e s t i g a t o r  (s) 

(e)  Lof t in  and 580, 581 
Horton 

( f )  Burrows and 582 
Schwartzberg 

(i) Groth and 587 t o  589 
P f  enninger 

Configuration 

NACA 662-(l .  8) 15 
S l o t  suct ion  

NACA 64A010 
S l o t  suct ion  

DESA-2 a i r f o i l  
S l o t  suct ion  

F l a t  p l a t e  
Porous suct ion  

Axisymmetric f ine -  
ness r a t i o  9 

S l o t  suct ion  

12% th ick  
300 swept wing 
S l o t  suct ion  

Comrnen t s Results  

Extreme roughness R, up t o  17 x l o6  
s e n s i t i v i t y  

Surf ace pressure  d i s -  
t r i b u t i o n s  given 

Ref. 581 q u i t e  d e t a i l e d  

Extreme su r face  rough- Rx 
up t o  10 x 106 

ness s e n s i t i v i t y  - 
Hypersensitive t o  rough- Rx up t o  5.8 x l o6  

ness ( r e f .  583) 
Tried t o  use "sink e f f e c t "  

t o  extend performance 

Detai led boundary-layer 
measurements 

Deals mainly with asymp- 
t o t i c  suct ion  p r o f i l e  

Obtained laminarizat ion 
a t  up t o  30 angle of 
a t t a c k  

Vw/Ue up t o  0.001 requi re  
t o  s t a b i l i z e  (with e x i s t  
i n g  tunnel  and p l a t e  
disturbances)  - 

R, up t o  14 x l o 6  

This wing was l a t e r  Rc up t o  12 x l o6  
t e s t e d  i n  the  Arnes 
12-Foot Pressure Wind 
Tunnel ( r e f s .  534 

and 5 3 5 )  
Flow q u a l i t y  q u i t e  good 

i n  t h i s  tunnel  (5- f t  
by 7 - f t  Michigan wind 
tunne 1 ) 

1 





TABLE V. - Concluded 

Porous suct ion  s i v e  boundary-layer 

Detai led da ta  
S l o t  suct ion  Surface imperfection suct ion  over f i r s t  30% 







NACA 23012 

NACA 631 - 412 

NACA 661 - 212 

Figure 1.- Comparison of shape of two NACA low-drag 
a i r f o i l  sec t ions  with the  NACA 23012 a i r f o i l  
sec t ion  (from r e f .  9 ) .  



0 NACA M2 -215 

o NACA 65* - 215 

4 NACA 662 -215 

Q NACA 67.1 -215 

Position of min imum pressure, xlc 

Figure 2.- Variat ion of  minimum sec t ion  drag c o e f f i c i e n t  with p o s i t i o n  o f  minimum pressure  
f o r  some NACA 6-ser ies  a i r f o i l s  o f  the  same camber and thickness.  R = 6 x lo6 
(from r e f .  28) . 
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ing systems, should be included when requesting documents from a l i b r a ry  o r  other  
f ac i l i t y .  Addresses f o r  these f a c i l i t i e s  are a s  follows: 

AIAA - American I n s t i t u t e  of Aeronautics and Astronautics 
Technical Information Service 
750 Third Ave. 
New York, NY 10017 
Telephone 212 867-8300 

. .a 
DDC - Defense Documentation Center 

Defense Logist ics Agency 
Cameron Stat ion 
Alexandria, VA 22314 

NTIS - National Technical Information Service 
5285 Port  Royal Road 
Springfield,  VA 22 161 

STIF - NASA Sc ien t i f i c  and Technical Information Fac i l i ty  
P.O. Box 8757 
B. W. I. Airport, MD 21240 

. . a  

Consult the following example fo r  information on how t o  locate the source of a 
document. 



Example 

I. Smith, A.  M. 0.; and C l u t t e r ,  D. W.: Studies  and Experiments i n  Drag 
Reduction by Boundary Layer Control .  Rep. No. ES 26354 (Cont rac t  
No. NOas 54-773-c) , Douglas A i r c r a f t  Co. , Inc. , J u l y  31, 1956. 
Avai lable  from NASA STIF a s  N78-78051 o r  N-56745."" 

A v a i l a b i l i t y :  
N78-78051 
N-56745 

The p r e f i x  i n d i c a t e s  t he  source of t h e  document: 

Source 

AIAA 
AD- c l a s s i f i e d  and/or l i m i t e d  DDC 

DDC 

X- c l a s s i f i e d  and/or l i m i t e d  

NACA- documents 

See page 58 f o r  addresses  o f  sources.  

When more than  one number i s  l i s t e d  under " A v a i l a b i l i t y , "  any one w i l l  
i d e n t i f y  t h e  document. However, t o  i nc rease  t h e  ease  (and speed) with which 
r eques t s  can be f i l l e d ,  it would be advisable  t o  inc lude  them a l l  wi th  t h e  com- 
p l e t e  c i t a t i o n  ( a b s t r a c t  no t  neces sa ry ) .  

Example : 

167. Pfenninger ,  W . ;  and Bacon, John W . ,  J r . :  Note About t he  Range Performance 
of Future Long Range Low Drag Suct ion Airplanes With P a r t i a l l y  Supersonic 
Range. Summary of Laminar Boundary Layer Control Research, WADC Tech. 
Rep. 56-111, Apr. 1957, pp. 339-351. (Available from DDC a s  AD 130 759.) 

A v a i l a b i l i t y :  N78-75293; CN-56122; N78-76390; N-53889; AD 130 759. 
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Various wind tunne l  s t u d i e s  were made of  methods of  o b t a i n i n g  drag  reduc- 
t i o n .  The experiments  were performed i n  t h e  Douglas E l  Segundo Wind Tunnel on 
a l a r g e  model designed t o  give l a r g e  e x t e n t s  of  laminar flow. The n a t u r a l  
x-Reynolds number of t r a n s i t i o n  f o r  t h e  model va r i ed  from 2.0 x 106 t o  7.2 x l o 6  
depending on model p o s i t i o n  and tunne l  speed. The model could be  modified f o r  
a v a r i e t y  o f  experiments.  

A s tudy was made o f  t h e  use of a p l a s t i c  veneer a s  a means f o r  producing a 
smooth su r f ace  and f o r  f a i r i n g  o u t  d i s c o n t i n u i t i e s  such a s  j o i n t s ,  r i v e t  heads,  
screw head dimples ,  e t c .  Experiments were performed on t h e  ex t ens ion  o f  laminar 
flow by sucking through s t r i p s  of  p e r f o r a t i o n s .  The experiments confirmed t h e  
des ign  c r i t e r i a  given by t h e  B r i t i s h  up t o  a Reynolds number o f  106 p e r  f o o t .  

Attempts were made t o  a r t i f i c i a l l y  th icken  t h e  boundary l a y e r  a t  t h e  lead-  
i n g  edge of  t h e  model t o  reduce t h e  s e n s i t i v i t y  of  t h e  boundary-layer flow t o  
s u r f a c e  roughness.  Experiments were performed t o  l e a r n  whether an a c o u s t i c  
absorb ing  dev ice ,  a Helmholtz r e s o n a t o r ,  would damp boundary-layer d i s tu rbances .  
An experiment w a s  designed t o  s tudy  the  e f f e c t  of chord-wise s u r f a c e  corruga-  
t i o n s  on d i s tu rbances  i n  t h e  boundary l a y e r .  

Experiments with d i s t r i b u t e d  s u c t i o n  through a porous p l a t e ,  extending 
almost  t h e  f u l l  chord of  t h e  model, allowed t r a n s i t i o n  Reynolds numbers up t o  
8 x 106 t o  be ob ta ined  wi th  a minimum o f  e f f o r t  i n  keeping t h e  s u r f a c e  f i n i s h  
smooth o r  t h e  su r f ace  f a i r i n g s  wi th in  small  t o l e r ances .  

A s tudy  was a l s o  made of  a p o s s i b l e  method of  reducing t h e  d rag  o f  a turbu-  
l e n t  flow by boundary l a y e r  c o n t r o l .  Wake drag  and t o t a l  d r ag  were measured 
wi th  v a r i o u s  d i s t r i b u t i o n s  of  s u c t i o n ,  blowing, and combined s u c t i o n  and blowing 
through t h e  porous su r f ace  of t h e  model. The r e s u l t s  i n d i c a t e  t h a t  no combina- 
t i o n  o f  suc t ion  and blowing i s  f e a s i b l e  f o r  reducing t h e  drag  o f  t u r b u l e n t  flow. 

Author 
A v a i l a b i l i t y :  

N78-7805 1 
N-56 745 
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reduce drag ,  boundary l a y e r  c o n t r o l ,  and opt imiza t ion  of  gas t u r b i n e  i n t a k e  
system a r e  eva lua t ed  i n  r e l a t i o n  wi th  f u e l  consumption. The fol lowing papers  
a r e  inc luded  i n  t h i s  document: 

Hefner ,  J e r r y  N . ;  and Bushnel l ,  D .  M . :  An Overview of  Concepts f o r  
A i r c r a f t  Drag Reduction. 
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The Task Force developed the  f i n a l  t e c h n i c a l  program p l a n ,  which i s  t h e  
body of  t h i s  r e p o r t .  A background of t h e  f u e l  shor tage  a s  it p e r t a i n s  t o  t h e  
a i r l i n e  i n d u s t r y  i s  p re sen t ed .  The proposed NASA A i r c r a f t  Fuel Conservation 
Technology Program i s  then desc r ibed ,  i nc lud ing  t e c h n i c a l  con ten t ,  development 
schedules  and resource  requirements .  I n  t he  f i n a l  s e c t i o n ,  an e s t ima te  i s  made 
of t h e  p o t e n t i a l  f u e l  sav ings  a s soc i a t ed  with t h e  implementation o f  t h e  d i f f e r -  
e n t  t echnologies .  The suggested program f o r  development of  Laminar Flow Cont ro l  
is desc r ibed  on pages 68-78. A p r a c t i c a l  system could pos s ib ly  be  demonstrated 
by 1985, and an LFC a i r c r a f t  might be in t roduced  i n t o  s e r v i c e  by 1990. 
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4 .  Srokowski, A. J.: Mass Flow Requirements f o r  LFC Wing Design. AIM 
Paper 77-1222, Aug. 1977. 

The problem o f  determining optimum suc t ion  mass flow requirements f o r  LFC 
wings i s  addressed.  Some prev ious  methods f o r  p r e d i c t i n g  t he  e x t e n t  of  laminar  
flow over  swept wings with suc t ion  a r e  b r i e f l y  reviewed. These range from t h e  
pu re ly  empi r i ca l  t o  those  u t i l i . z ing  t abu la t ed  l i n e a r  s t a b i l i t y  computations.  
The p r e s e n t  method i s  descr ibed .  This method so lves  t he  l i n e a r ,  incompressible  
s t a b i l i t y  equa t ions  by s p e c t r a l  t echniques ,  The xr~aximum temporal ampl i f i ca t i on  
of boundary l a y e r  c ross f low and 2-D disturbances i s  determined f o r  waves of  a  



given frequency. Group v e l o c i t i e s  a r e  used t o  i n t e g r a t e  t he se  ampl i f i ca t i on  
r a t e s  a long  t h e  wing t o  y i e l d  t h e  logar i thmic  amplitude r a t i o  o r  'N f a c t o r '  of 
t h e  d i s tu rbance .  The 'N f a c t o r '  c a l i b r a t i o n  o f  a  computer code u t i l i z i n g  t h i s  
method i s  descr ibed ,  us ing  exper imenta l ly  determined t r a n s i t i o n  d a t a ,  The 
method i s  shown t o  be a s  c o n s i s t e n t  a s  prev ious ly  used Yiixed wavelength" 
methods . 
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5 .  Pfenninger ,  Werner: Laminar Flow Control  haminar iza t ion ,  S p e c i a l  Course 
on Concepts f o r  Drag Reduction, AGARD-R-654, June 1977, pp. 3-1 - 3-75. 

A p r a c t i c a l  aerodynamically and s t r u c t u r a l l y  reasonably e f f i c i e n t  laminar 
flow c o n t r o l  (LFC) suc t ion  method, removing the  s lowes t  boundary l a y e r  p a r t i c l e s  
through many c losed  spaced f i n e  s l o t s ,  was developed and subsequent ly  app l i ed  t o  
a  second F94 LFC wing glove i n  f l i g h t :  100 pe rcen t  laminar flow was observed up 
t o  t h e  F94 tes t  l i m i t .  Laminar flow on LFC wings i n  f l i g h t  i s  t h u s  p o s s i b l e  a t  
a much h ighe r  Reynolds number than  even i n  t h e  b e s t  low turbulence  t u n n e l s  a s  a  
r e s u l t  o f  t he  n e g l i g i b l e  i n f luence  o f  t h e  atmospheric microscale  tu rbulence  on 
t r a n s i t i o n .  The F94 LFC glove comparison experiments,  with s u c t i o n  s t a r t i n g  a t  
0 . 0 3 ~  and 0 . 4 ~ ~  v e r i f i e d  t h e  t h e o r e t i c a l l y  p red i c t ed  boundary l a y e r  s t a b i l i z a -  
t i o n  by suc t ion  s t a r t i n g  a t  0 . 0 8 ~ ~  thus  maintaining laminar flow a t  subs tan-  
t i a l l y  h ighe r  C sub L numbers a s  compared t o  boundary l a y e r  s t a b i l i z a t i o n  by 
flow a c c e l e r a t i o n ;  i . e . ,  geometry a lone  without  suc t ion  upstream of  0 . 4 ~ .  
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N77-32094 

6 .  Smith,  A. M. 0.; and Gamberoni, Natha l ie :  T r a n s i t i o n ,  P re s su re  Gradient  
and S t a b i l i t y  Theory. Rep. No. ES 26388, Douglas A i r c r a f t  Co., I n c . ,  
Aug. 31, 1956. (Also a v a i l a b l e  i n  IX congr;s I n t e r n a t i o n a l  de ~ g c a n i ~ u e  
A p p l i q u ~ e ,  Tome I V ,  ~ n i v e r s i t g  de Bruxe l les ,  1957, pp. 234-244. ) 

This  p r e s e n t s  a  method of  p r e d i c t i n g  t r a n s i t i o n  t h a t  i s  founded upon the  
t heo ry  of  boundary-layer s t a b i l i t y .  I t  cons iders  both p lane  and a x i a l l y  sym- 
m e t r i c  f lows o f  a  very low-turbulence incompressible  s t ream p a s t  very smooth 
bod ie s .  According t o  s t a b i l i t y  theory ,  se l f -energ ized  d i s tu rbances  form i n  t he  
boundary l a y e r  and slowly grow i n  s t r e n g t h  while  moving downstream, u n t i l  they 
u l t i m a t e l y  cause t h e  boundary l a y e r  t o  become t u r b u l e n t ,  by a  process  a s  y e t  
unknown. J. Pre t sch  has computed a  family of c h a r t s  by means of  which t h e  
apparen t  growth o f  t he se  waves can be  c a l c u l a t e d  s o  t h a t  c o r r e l a t i o n  wi th  expe r i -  
ment becomes p o s s i b l e .  The theory  and i t s  imp l i ca t i ons  a r e  reviewed and d i s -  
cussed.  Nearly a l l  t h e  app l i cab l e  experimental  t r a n s i t i o n  d a t a  have been 
s t u d i e d  and c o r r e l a t e d  wi th  t he  c a l c u l a t i o n s  made with t he  a i d  of P r e t s c h ' s  
c h a r t s .  A s t rong  r e l a t i o n  of experimental  r e s u l t s  wi th  t h i s  theory was d i s -  
covered. I n  f a c t ,  t o  f i r s t  o r d e r ,  Tol lmien-Schl icht ing waves were found t o  

undergo an apparent  ampl i f i ca t i on  r a t i o  exp Bi d t  equa l  t o  about  e 9  by 

t h e  t ime t r a n s i t i o n  began. This value w a s  then used t o  p r e d i c t  t r a n s i t i o n  f o r  



a cons iderab le  v a r i e t y  o f  f lows,  both i n  wind tunne l s  and i n  f l i g h t .  The p re -  
d i c t i o n s  agree q u i t e  we l l  with experiment.  I n  c o n t r a s t ,  R6, o r  a t  t h e  
beginning of  t r a n s i t i o n  vary g r e a t l y  with p re s su re  g r a d i e n t  and a r e  n o t  a t  a l l  
s u i t a b l e  a lone  a s  fundamental guides  f o r  l o c a t i n g  t r a n s i t i o n .  A s  a  measure o f  
t r a n s i t i o n  on bodies  of  r evo lu t ion  Rg* i s  even l e s s  s a t i s f a c t o r y  than  it i s  
f o r  two-dimensional flows. However, t h e  method based on s t a b i l i t y  theory  co r r e -  
l a t e s  both t ypes  o f  flow wi th  equa l  accuracy. A sho r t - cu t  empi r i ca l  method of  
p r e d i c t i n g  t r a n s i t i o n ,  due t o  Michel, has  been s tud i ed .  

Author 
A v a i l a b i l i t y :  

N-46270 
N78-78048 

7. Dryden, Hugh L.:  Recent Advances i n  t h e  Mechanics o f  Boundary Layer Flow. 
Volume I of  Advances i n  Applied Mechanics, Richard von Mises and Theodore 
von ~ i r m $ n ,  eds .  , Academic P re s s ,  Inc .  , 1948, pp. 1-40. 

This  paper  summarizes and r e f e r ences  some o f  t h e  more important  papers  
publ i shed  s i n c e  1936 t h a t  c o n t r i b u t e  t o  a  b e t t e r  understanding of  t h e  mechanics 
of boundary l a y e r  flow. Most of  t h e  work c i t e d  r e l a t e s  t o  incompressible  f low 
al though r e f e r ences  a r e  given t o  such papers  a s  a r e  a v a i l a b l e  on compressible  
flow. 
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8 ,  J a f f e ,  N .  A . ;  Okamura, T. T.; and Smith, A.  M. 0 . :  Determination of 
S p a t i a l  Amplification Fac to r s  and Their  Applicat ion t o  P red ic t ing  
Trans i t i on .  AIAA J . ,  vo l ,  8 ,  no. 2 ,  Feb. 1970, pp. 301-308. 

A method f o r  applying s t a b i l i t y  theory t o  t he  problem of  p r e d i c t i o n  t r a n -  
s i t i o n  i s  descr ibed .  The Orr-Sommerfeld equat ion i s  employed t o  perform a 
s t a b i l i t y  a n a l y s i s  on laminar boundary-layer v e l o c i t y  p r o f i l e s  t h a t  have been 
obta ined  numerical ly  f o r  two-dimensional and axisyrnmetric flows. An orthogonal-  
i z a t i o n  technique capable of handl ing Reynolds numbers, based on displacement 
t h i ckness ,  up t o  a t  l e a s t  the o rde r  of lo5  is  used t o  ob ta in  s p a t i a l  arnplifica- 
t i o n  r a t e s  of  small  d i s turbances  over a s e l e c t  frequency band a t  var ious  stream- 
wise l o c a t i o n s .  For each of the f requencies  considered,  t h e  ampl i f i ca t ion  r a t e  
i s  i n t e g r a t e d  wi th  r e spec t  t o  su r f ace  d i s t ance  downstream from the  p o i n t  of  
n e u t r a l  s t a b i l i t y  i n  o r d e r  t o  ob ta in  an ampl i f ica t ion  f a c t o r .  The d is turbance  
whose frequency produces a maximum ampl i f i ca t ion  f a c t o r  a t  t r a n s i t i o n  i s  con- 
s ide red  f o r  c o r r e l a t i o n  purposes.  
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9.  ofti in, Laurence K. , Jr. : Development of A i r f o i l s  and High-Lift  Devices. 
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of t h e  Papers Presented by NACA S t a f f  Members. NASA, Sept .  20, 1946, 
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During the  course of t h e  war yea r s ,  a new type of  a i r f o i l  s e c t i o n ,  known a s  
t he  NACA low-drag o r  6 - se r i e s  s e c t i o n ,  was developed a t  the  Langley Laboratory. 
Low-drag a i r f o i l s  d i f f e r  from the  o l d e r  NACA 4- and 5 -d ig i t  s e r i e s  a i r f o i l s ,  
such a s  t he  NACA 2412 and 23012, i n  t h a t  they were t h e o r e t i c a l l y  der ived  by 
po ten t i a l -£  low methods t o  have p re s su re  d i s t r i b u t i o n s  of a type pe rmi t t i ng  
ex tens ive  laminar  flow i n  the  boundary l a y e r  and thus very low p ro f i l e -d rag  
c o e f f i c i e n t s .  A comparison of  an NACA 23012 with two of t he  newer low-drag 
a i r f o i l  s e c t i o n s  i s  shown i n  f i g u r e  1. Two low-drag s e c t i o n s ,  the  NACA 631-412 
and the  NACA 661-212, a r e  designed t o  permit  laminar flow over  t he  a i r f o i l  s u r -  
f aces  t o  30- and 60-percent chord, r e spec t ive ly .  

I n  o rde r  t o  provide the  a i r p l a n e  des igner  with sys temat ic  aerodynamic d a t a  
from which t o  choose low-drag a i r f o i l s  s u i t a b l e  f o r  d i f f e r e n t  a p p l i c a t i o n s ,  a 
s e r i e s  of approximately 100 r e l a t e d  low-drag a i r £  o i l s  was de r ived  and t e s t e d  i n  
a s p e c i a l i z e d  two-dimensional wind tunnel  pe rmi t t i ng  t h e  a t ta inment  of f u l l -  
s c a l e  Reynolds numbers and having a turbulence l e v e l  approaching t h a t  of f r e e  
a i r .  The l i f t ,  drag,  and pitching-moment c h a r a c t e r i s t i c s  of  a l l  t he  a i r f o i l s  
were obta ined  a t  Reynolds numbers of  3, 6 ,  and 9 mi l l i on ,  and, i n  add i t i on ,  
t e s t s  were made with each a i r f o i l  t o  determine the  e f f e c t  upon t h e  aerodynamic 
c h a r a c t e r i s t i c s  of sur face  roughness. 

An i dea  o f  t he  drag c h a r a c t e r i s t i c s  of  t hese  newer a i r f o i l  s e c t i o n s  may be 
obta ined  from f i g u r e  2 which shows drag  r e s u l t s  f o r  a t y p i c a l  low-drag a i r f o i l  
s e c t i o n  (631-412) of 12-percent th ickness  and 0.4 design l i f t  c o e f f i c i e n t .  

Author 
A v a i l a b i l i t y :  
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10. NACA Conference on Boundary Layers - A Compilation of t he  Papers Presen ted .  
NASA, Aug. 14,  1947. 

This  document conta ins  reproduct ions  of  t e c h n i c a l  papers  on some of t h e  
r e c e n t  r e sea rch  r e s u l t s  on boundary l a y e r s  from the  NACA Labora tor ies  and under 
t he  sponsorship of  t h e  NACA a t  the  Nat ional  Bureau of Standards and t h e  Ca l i -  
f o r n i a  I n s t i t u t e  of  Technology. These papers  were p re sen t ed  a t  t h e  NACA con- 
fe rence  h e l d  a t  t he  Langley Memorial Aeronaut ical  Laboratory August 14, 1947. 
The purpose of  t h i s  conference was t o  convey t o  those  involved i n  t h e  s tudy o f  
a i r c r a f t  and aerodynamic problems t h e s e  r e c e n t  research  r e s u l t s  and t o  provide  
those a t t e n d i n g  an oppor tun i ty  f o r  d i s cus s ion  of t h e  r e s u l t s  and o f  t he  work 
planned f o r  t h e  f u t u r e .  

The papers  i n  t h i s  document a r e  i n  t h e  same form i n  which they were p re -  
s en t ed  a t  t h e  conference s o  t h a t  d i s t r i b u t i o n  o f  them might be prompt. The 
o r i g i n a l  p r e s e n t a t i o n  and t h i s  record  a r e  considered a s  complementary t o ,  r a t h e r  
than a s  s u b s t i t u t e s  f o r ,  the  Committee's system of complete and f i n a l  r e p o r t s .  

A l i s t  of t h e  conferees  i s  inc luded  (from the  I n t r o d u c t i o n ) .  

(This  document i s  inc luded  i n  t h i s  c o l l e c t i o n  because o f  h i s t o r i c a l  
i n t e r e s t  and t o  make t h i s  b ib l iography  more complete.) 

A v a i l a b i l i t y :  
N78-78047 

11. Gazley, C a r l ,  Jr.:  Boundary-Layer S t a b i l i t y  and Trans i t i on  i n  Subsonic 
and Supersonic  Flow. A Review of  Avai lable  Information With New Data i n  
t h e  Supersonic  Range. 1952 Heat Transfer  and F l u i d  Mechanics I n s t i t u t e ,  
S tanford  Univ. P re s s ,  June 1952, pp. 73-93. (Also a v a i l a b l e  i n  
J. Aeronaut. S c i . ,  vo l .  20, no. 1, Jan.  1953, pp. 19-28.) 

This  paper  p r e s e n t s  t h e  a v a i l a b l e  d a t a  i n  subsonic  and supersonic  flow f o r  
t he  e f f e c t s  of f ree-s t ream tu rbu lence ,  su r f ace  cu rva tu re ,  p r e s su re  g r a d i e n t ,  
su r f ace  roughness,  su r f ace  temperature ,  and Mach number on t h e  t r a n s i t i o n  pos i -  
t i o n .  New supersonic  d a t a  a r e  included from rocke t  f l i g h t s ,  f i r ing- range  tests, 
and wind-tunnel t e s t s .  The e f f e c t s  o f  t h e  s e v e r a l  v a r i a b l e s  on t r a n s i t i o n  a r e  
compared wi th  t h e  t h e o r e t i c a l l y  p r e d i c t e d  e f f e c t s  on boundary-layer s t a b i l i t y .  

I n  gene ra l  t h e  experimental  d a t a  f o r  t r a n s i t i o n  confirm the  t r e n d s  i n d i -  
ca t ed  by t h e  s t a b i l i t y  t heo ry .  Perhaps t h e  most s i g n i f i c a n t  dev i a t i on  from t h e  
t r end  expected from t h e  s t a b i l i t y  theory  i s  t h e  r e l a t i v e  i n s e n s i t i v i t y  of super-  
son i c  t r a n s i t i o n  t o  surface- temperature  v a r i a t i o n .  The t r a n s i t i o n  Reynolds- 
number range appears  t o  i nc rease  with i n c r e a s i n g  Mach number i n  bo th  f i r i n g -  
range t e s t s  where r e l a t i v e l y  low su r f ace  temperatures  occur  and i n  wind-tunnel 
t e s t s  where r e l a t i v e l y  h igh  su r f ace  temperatures  occur .  

Author 
A v a i l a b i l i t y :  
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12,  Schubauer, G .  B . ;  and Skramstad, H. K . :  Laminar-Boundary-Layer O s c i l l a -  
t i o n s  and Trans i t i on  on a  F l a t  P l a t e .  NACA Rep. 909, 1948. 

This  i s  an account o f  an i n v e s t i g a t i o n  i n  which o s c i l l a t i o n s  were d i s -  
covered i n  t h e  laminar  boundary l a y e r  a long  a  f l a t  p l a t e .  These o s c i l l a t i o n s  
were found dur ing  the  course of an experiment i n  which t r a n s i t i o n  from laminar 
t o  t u r b u l e n t  flow was being s tud i ed  on t h e  p l a t e  a s  t h e  tu rbulence  i n  t h e  wind 
s t ream was be ing  reduced t o  unusual ly  low va lues  by means of  damping sc reens .  
The f i r s t  p a r t  of t h e  paper  d e a l s  with experimental  methods and appara tus ,  
measurements of  tu rbulence  and sound, and s t u d i e s  of  t r a n s i t i o n .  A d e s c r i p t i o n  
i s  then given of  t h e  manner i n  which o s c i l l a t i o n s  were d i scovered  and how they 
were found t o  be r e l a t e d  t o  t r a n s i t i o n ,  and then how c o n t r o l l e d  o s c i l l a t i o n s  
w e r e  produced and s tud i ed  i n  d e t a i l .  The o s c i l l a t i o n s  a r e  shown t o  be t h e  
v e l o c i t y  v a r i a t i o n s  accompanying a  wave motion i n  t he  boundary l a y e r ,  t h i s  wave 
motion having a l l  t h e  c h a r a c t e r i s t i c s  p r e d i c t e d  by a  s t a b i l i t y  theory  based on 
t h e  exponen t i a l  growth of small  d i s tu rbances .  A review of t h i s  theory  i s  given. 
The work i s  t h u s  experimental  confirmation of a  mathematical theory of  s t a b i l i t y  
which had been i n  t h e  p roces s  of development f o r  a  pe r iod  of  approximately 
40 y e a r s ,  mainly by German i n v e s t i g a t o r s .  

Author 

13. Morkovin, M.  V. : Trans i t i on  From Laminar t o  Turbulent Shear Flow - A 
Review of  Some Recent Advances i n  Its Understanding. Trans. ASME, 
vol .  80, no. 5 ,  J u l y  1958, pp. 1121-1128. 

Recent experimental  s t u d i e s  of t r a n s i t i o n  from laminar t o  t u r b u l e n t  shear  
flows a r e  reviewed. Ce r t a in  common f e a t u r e s  a r e  emphasized and r e l a t e d  t o  t h e  
s t a b i l i t y  t h e o r i e s  of v i scous  shear  l a y e r s .  The 3-dimensional c h a r a c t e r ,  t h e  
uns tead iness ,  and t h e  non l inea r  and random behavior  of t h e  l a t t e r  s t a g e s  of t h e  
t r a n s i t i o n  p roces s  a r e  a l s o  examined. 

Author 
A v a i l a b i l i t y  : 

N-64069 

14. Dryden, H, L . :  T rans i t i on  From Laminar t o  Turbulent  Flow. Turbulent  Flows 
and Heat T rans fe r ,  C. C. Lin,  e d . ,  Pr ince ton  univ. P re s s ,  1959, pp. 3-74. 

  ran sit ion a t  low subsonic  speeds i s  d iscussed  i n  A r t i c l e s  2  through 23. 
A r t i c l e s  24, 25, and 26 d e a l  with t r a n s i t i o n  a t  supersonic  speed. This  i s  an 
e x c e l l e n t  review with much d a t a  i n  c h a r t  form. 

15. Shaw, T. E. : A Br ie f  Review of  Boundary Layer T rans i t i on .  AET Memo 
No. 197 (Contract  No. AF 04 (647) -269) , General E l e c t r i c  Co. , 1961. 
(Avai lable  from DDC a s  AD 350 225.) 

A b r i e f  review i s  made of t he  s t a t e -o f - the -a r t  of boundary l a y e r  t r a n s i -  
t i o n ,  To d a t e ,  no r e l i a b l e  t h e o r e t i c a l  o r  empi r i ca l  p r e d i c t i o n  technique e x i s t s  
f o r  t h e  p r e d i c t i o n  of boundary l a y e r  t r a n s i t i o n  f o r  p r a c t i c a l  engineer ing  
problems, p a r t i c u l a r l y  those involv ing  h igh  speed f l i g h t .  In  the  absence of 



o t h e r  d i s tu rbances ,  it was found t h a t  t r a n s i t i o n  a f t  of  two- and t h r e e -  
dimensional roughness appeared t o  be reasonably wel l  c o r r e l a t e d  a s  a func t ion  
of  t h e  h a l f  power of t he  roughness Reynolds number, Experimental d a t a  on 
t r a n s i t i o n ,  involv ing  t h e  e f f e c t  of boundary l a y e r  cool ing  on laminar flow 
s t a b i l i t y ,  was found t o  be q u i t e  con t r ad i c to ry .  The s t r o n g e s t  evidence t h a t  
boundary l a y e r  s t a b i l i t y  i s  unaf fec ted  by extreme cool ing  was ob ta ined  from 
Mach 2 h e a t  s i nk  f l i g h t  t e s t s .  The e f f e c t  of  a b l a t i o n  on boundary l a y e r  t r a n s i -  
t i o n  was deduced from RVX-1 and Mark 3 f l i g h t  tests i n  which it was found t h a t  
a Reynolds number of  t r a n s i t i o n  of  150,000 represen ted  a reasonable  c r i t e r i a .  

Author 
A v a i l a b i l i t y :  

N74-74848 
AD 350 225 

16. Bridge,  J. F. :  A Summary of  Parameters In f luenc ing  Boundary Layer 
T rans i t i on .  Doc. No. D2-22052, Boeing Airplane Co., 1963. (Avai lab le  
from DDC a s  AD 444 658.) 

A v a i l a b i l i t y  : 
X65-80325 
AD 444 658 

17.  Braslow, Alber t  L. : A Review of Fac to r s  Affec t ing  BoundaryLLayer 
T rans i t i on .  NASA TN D-3384, 1966. 

A b r i e f  review is  made of  t h e  c u r r e n t  s t a t e  of t h e  a r t  of  boundary-layer 
t r a n s i t i o n .  Discussed, i n  var ious  degrees  of  d e t a i l ,  a r e  exper imenta l ly  d e t e r -  
mined e f f e c t s  on t r a n s i t i o n  of  p r e s su re  g r a d i e n t s ,  s u r f  ace t o  f ree-s t ream tem- 
p e r a t u r e  r a t i o ,  f ree-s t ream Mach number, f ree-stream turbulence ,  n o i s e ,  two- 
and three-dimensional-type su r f ace  roughness, and laminar  boundary-layer c o n t r o l  
through suc t ion .  Cer ta in  a spec t s  of  t h e  t h e o r e t i c a l  approach t o  t r a n s i t i o n  a r e  
d i scussed  and some comparisons wi th  experiment a r e  made. The review i s  in tended  
p r i m a r i l y  f o r  the  engineer  o r  s c i e n t i s t  d e s i r i n g  a gene ra l  understanding o f  
boundary-layer t r a n s i t i o n  phenomena r a t h e r  than f o r  t h e  a c t i v e  r e sea rche r  i n  t h e  
f i e l d  of f l u i d  mechanics. Some needs f o r  f u r t h e r  research  a r e  i n d i c a t e d .  

Author 
A v a i l a b i l i t y  : 

N66 -32940 

18. Morkovin, Mark V . :  C r i t i c a l  Evaluat ion of  T rans i t i on  From Laminar t o  
Turbulent  Shear Layers With Emphasis on Hypersonical ly  Trave l ing  Bodies. 
AFFDL-TR-68-149, U . S .  A i r  Force,  Mar. 1969. (Avai lable  from DDC a s  
AD 686 178. ) 

The review r e p o r t  r ep re sen t s  an a t tempt  t o  eva lua t e  c r i t i c a l l y  t h e  a v a i l -  
ab l e  d a t a  on high-speed boundary l a y e r  t r a n s i t i o n  t o  turbulence and t o  i n t e r p r e t  
t he  apparen t  agreements and con t r ad i c t i ons  wi th in  some r a t i o n a l  framework. 
Spec i a l  a t t e n t i o n  was pa id  t o  t he  more documentable d i s c r epanc i e s  between 
r epo r t ed  r e s u l t s  a s  touchstones of  conceptual  models and i n s t a b i l i t y  t h e o r i e s .  



Experiments w i th  microscopic information a r e  used a s  backbone of conceptual  
models, both l i n e a r  and non l inea r .  Linear  i n s t a b i l i t y  r e s u l t s  a r e  used a s  a 
p o i n t  of  depa r tu re  f o r  t h e  examination of  c u r r e n t  c o n t r o v e r s i a l  ques t i ons  of 
t r a n s i t i o n  r e v e r s a l  with cool ing ,  u n i t  Reynolds number e f f e c t ,  e f f e c t  o f  aero-  
dynamic no ise  i n  supersonic  wind tunne l s ,  e t c .  

Author 
A v a i l a b i l i t y :  

N69-31309 
AD 686 178 

19. Tani ,  I t i r o :  Boundary Layer T rans i t i on .  Annual Review of F lu id  Mechanics, 
Volume I ,  W i l l i a m  R. Sears  and Milton Van Dyke, e d s . ,  Annual Rev., I n c . ,  
1969, pp. 169-196. 

Review of c u r r e n t  i n t e r p r e t a t i o n s  of  t h e  fundamental mechanism involved i n  
t h e  t r a n s i t i o n  from laminar  t o  t u r b u l e n t  flow i n  a boundary l a y e r .  Supersonic  
and hypersonic  flow regimes a r e  cons idered ,  wi th  emphasis on t h e  low-speed 
regime. Boundary-layer t r a n s i t i o n  on a f l a t  p l a t e  wi thout  a p r e s s u r e  g r a d i e n t  
i s  cons idered ,  and the  e f f e c t s  of  p r e s su re  g r a d i e n t ,  su r f ace  cu rva tu re ,  f r e e -  
s t ream turbulence ,  and su r f ace  roughness a r e  d i scussed .  Three-dimensional 
boundary l a y e r s  a r e  examined, a s  wel l  a s  unsteady boundary l a y e r s .  T r a n s i t i o n  
a t  h igh  speeds i s  cons idered ,  and methods f o r  p r e d i c t i n g  boundary-layer t r a n s i -  
t i o n  a r e  reviewed. 

A v a i l a b i l i t y :  
A69-34920 

20. Ha i r s ton ,  David E . :  Survey and Evalua t ion  of  Current  Boundary Layer 
T rans i t i on  P r e d i c t i o n  Techniques. AIAA Paper No. 71-985, Oct. 1971. 

A survey has  been conducted of  c u r r e n t  l i t e r a t u r e  on p r e d i c t i o n  of  laminar  
boundary l a y e r  t r a n s i t i o n .  Techniques based on empi r i ca l  formula t ions  a s  w e l l  
as those  founded on Schl icht ing-Tollmien s t a b i l i t y  c r i t e r i o n  have been i n v e s t i -  
ga ted .  Based on c o r r e l a t i o n s  o f  publ i shed  r e s u l t s ,  Benne t t ' s  semi-empirical 
procedure and Deem's fu l l y - empi r i ca l  technique have been incorpora ted  i n t o  a 
boundary l a y e r  a n a l y s i s  computer program. T rans i t i on  has  been p r e d i c t e d  f o r  
s e v e r a l  a i r f o i l  c a se s  i n  which the  l o c a t i o n  o f  t r a n s i t i o n  has  been expe r i -  
menta l ly  observed. These s t u d i e s  i n d i c a t e  t h a t  t h e  chosen p r e d i c t i o n  tech-  
n iques  a r e  l i m i t e d  t o  s p e c i f i c  f rees t ream Mach number ranges.  

Author 
A v a i l a b i l i t y :  
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21. Berkowitz, A. M.;  Kyr i ss ,  C.  L.; and Mar t e l l ucc i ,  A . :  Boundary Layer 
T rans i t i on  F l i g h t  Tes t  Observat ions.  AIAA Paper 77-125, Jan .  1977. 

A h i s t o r i c a l  review regard ing  t h e  evo lu t ion  of  f l i g h t  t e s t  boundary l a y e r  
t r a n s i t i o n  c o r r e l a t i o n s  i n  connection with t h e  development of  o p e r a t i o n a l  
b a l l i s t i c  r e e n t r y  veh ic l e s  i n  t h e  U . S .  i s  p re sen t ed ,  t a k i n g  i n t o  account t h e  



time p e r i o d s  from 1956 t o  1961, from 1961 t o  1971, and from 1971 t o  t h e  p r e s e n t  
t ime. Quest ions of  t r a n s i t i o n  d a t a  eva lua t ion  a r e  d i s cus sed ,  t a k i n g  i n t o  
account  t r a n s i t i o n  d a t a  s e l e c t i o n  c r i t e r i a ,  angle  of  a t t a c k  e f f e c t s ,  veh i c l e  
geometry c h a r a c t e r i s t i c s ,  on-board s enso r s ,  redundant t r a n s i t i o n  a l t i t u d e  
s enso r s ,  veh i c l e  c la . ss i f ica tFons ,  and a spec t s  of l o c a l  flow p rope r ty  determina- 
t i o n .  A c o r r e l a t i o n  eva lua t ion  i s  a l s o  conducted, g iv ing  a t t e n t i o n  t o  t h e  
ground t e s t ,  t h e  f l i g h t  t e s t ,  wa l l  coo l ing  e f f e c t s ,  nose r e l a t e d  parameters ,  
and b lun tnes s  c o r r e l a t i o n s .  

A v a i l a b i l i t y :  
A77-22231 

22. Reshotko, E l i  : Boundary-Layer S t a b i l i t y  and Trans i t i on .  Annual Review of 
F l u i d  Mechanics, Volume 8 ,  Milton Van Dyke, Walter G .  Vincent i ,  and 
J. V. Wehausen, e d s . ,  Annual Rev., I n c . ,  1969, pp. 311-349. 

The use o f  normal-modes procedures  f o r  t h e  s tudy of  boundary l a y e r s  i s  
examined, t a k i n g  i n t o  account a s p e c t s  o f  formula t ion ,  t he  p a r a l l e l - f l o w  assump- 
t i o n ,  t h e  form of d i s tu rbance ,  and t h e  p r o p e r t i e s  of  t h e  d i s tu rbance  equa t ions .  
A d e s c r i p t i o n  i s  presen ted  of  t h e  r e s u l t s  of  normal-modes c a l c u l a t i o n s .  
Nonparallel-flow e f f e c t s  a r e  considered a long  wi th  f l a t - p l a t e  boundary l a y e r s  
i n  a i r  and water  and the  e f f e c t  of  su r f ace  cu rva tu re .  An i n v e s t i g a t i o n  o f  
r e c e p t i v i t y  i s  conducted. Recept iv i ty  denotes  t h e  means by which a  p a r t i c u l a r  
forced  d i s tu rbance  e n t e r s  t h e  boundary l a y e r .  A t t en t ion  i s  given t o  t h e  p re -  
d i c t i o n  of t r a n s i t i o n  and t h e  d i r e c t i o n s  of c u r r e n t  and f u t u r e  i n v e s t i g a t i o n s .  

A v a i l a b i l i t y  : 
A76-20822 

23. Jones,  B.  Melv i l l :  F l i g h t  Experiments on t h e  Boundary Layer. J. Aeronaut. 
S c i . ,  v o l .  5 ,  no. 3 ,  Jan .  1938, pp. 81-101. (Also a v a i l a b l e  a s  The 
Boundary Layer i n  F l i g h t ,  A i r c r .  Eng., vo l .  X ,  no. 111, May 1938, 
pp.  135-141. ) 

The t i t l e  of t h e  l e c t u r e  i s  F l i g h t  Experiments on t h e  Boundary Layer and 
it d e a l s  more s p e c i f i c a l l y  wi th  t h e  t r a n s i t i o n  of  t h e  l a y e r  from t h e  laminar  t o  
t h e  t u r b u l e n t  form. 

The m a t e r i a l  from which the  l e c t u r e  has  been cons t ruc ted  i s  drawn mainly 
from experiments  made i n  f l i g h t  a t  Cambridge, b u t  i n  o rde r  t o  make i t  a s  com- 
p l e t e  a s  p o s s i b l e ,  r e s u l t s  from Government Research Establ ishments  wi th  which we  
work i n  c l o s e  cooperat ion a r e  quoted.  

This i s  t h e  experimental  evidence s o  f a r  a v a i l a b l e  i n  England upon t h e  
p o s i t i o n  o f  t h e  p o i n t  where tu rbulence  begins  i n  t he  boundary l a y e r  of  smooth 
wings i n  f l i g h t .  I t  shows conc lus ive ly  t h a t  it i s  p o s s i b l e  t o  r e t a i n  a laminar  
l a y e r  over  a t  l e a s t  one- th i rd  of t h e  whole wing s u r f a c e ,  even when t h e  Reynolds 
Number i s  a s  high a s  e i g h t  m i l l i o n s .  Experiments a r e  now being made a t  
Fa.rnborough t o  c a r r y  obse rva t ions  o f  t h i s  k ind  up t o  l a r g e r  Reynolds Numbers, 
b u t  conc lus ive  r e s u l t s  a r e  n o t  t o  hand a t  the  time o f  wr i t i ng .  Drag experiments 



which have been a l ready  made a t  hrgh Reynolds Numbers by the  p i t o t - t r a v e r s e  
method sugges t ,  however, t h a t  though the  p o i n t s  of t r a n s i t i o n  may move forward 
somewhat a t  t h e  h igher  numbers, Liaey c e r t a i n l y  do no t  move r i g h t  forward t o  t he  
leading  edge and t h e  laminar form of t h e  boundary l a y e r  can s t i l l  be r e t a i n e d  
over  a cons ider&le  p ropor t ion  of the  wing su r f ace .  

I t  remains t o  consider  i n  r a t h e r  more d e t a i l  t he  circumstances i n  which 
t r a n s i t i o n  occurred i n  the  experiments which have been desc r ibed ,  i n  o r d e r  t o  
s ee  whether any l i g h t  can be thrown upon t h e  f a c t o r s  which in f luence  it. 

Author 

2 4 .  Jacobs, Eastman N . :  Prel iminary Report on Laminar-Flow A i r f o i l s  and New 
Methods Adopted f o r  A i r f o i l  and Boundary-Layer Inves t iga t ions .  NACA 
WR L-345, 1939. (Formerly NACA ACR.)  

Recent developments i n  a i r f o i l - t e s t i n g  methods and fundamental a i r - f low 
i n v e s t i g a t i o n s ,  a s  appl ied  t o  a i r f o i l s  a t  the N . A . C . A .  l abo ra to ry ,  a r e  discussed.  
Prel iminary t e s t  r e s u l t s ,  ob ta ined  under condi t ions  r e l a t i v e l y  f r e e  from s t ream 
turbulence and o t h e r  d i s tu rbances ,  a r e  presented .  Su i t ab l e  a i r f o i l s  and 
a i r f o i l - d e s i g n  p r i n c i p l e s  were developed t o  take  advantage of the unusual ly 
ex tens ive  laminar-boundary l a y e r s  t h a t  may be maintained under t he  improved 
t e s t i n g  cond i t i ons  . 

For p r a c t i c a l  cons ide ra t ion ,  t hese  pre l iminary  r e s u l t s  presented  a r e  of 
i n t e r e s t  mainly i n  the  lower Reyno1d.s Number range below 6,000,000. Within 
t h i s  Reynolds Number range t h e  new laminar-flow a i r f o i l s  and the  new a i r f o i l -  
design p r i n c i p l e s  may be expected t o  y i e l d  drag  c o e f f i c i e n t s  on a c t u a l  wings 
of  a markedly sma l l e r  o rde r  than those he re to fo re  obta ined .  For example, d rag  
c o e f f i c i e n t s  a s  low a s  0.0022 and p r o f i l e  L/D va lues  a s  high a s  290 were 
measured. 
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25. Jacobs, Eastman N . :  Immediate Use of New A i r f o i l  Sec t ions  of t h e  Laminar- 
Flow Type. NACA WR L-521, 1940. (Formerly NACA MR.) 

I n  view of  t h e  work t h a t  had been done on laminar a i r f o i l s  and t h e  poss i -  
b i l i t i e s  f o r  drag  reduct ion  a t  high Reynolds Numbers, it was recommended t h a t  
the  new experimental  m i l i t a r y  a i r c r a f t  t r y  ou t  the  new low-drag a i r f o i l s .  

A v a i l a b i l i t y  : 
N78-782 10 

26.  Young, A. D. : Notes on the Aerodynamic P r o p e r t i e s  of Low Drag Wing 
Sec t ions .  Tech. Note No, Aero, 1-01.9, B r i t i s h  R . A , E . ,  Sept .  1942. 



This r epor t  summarises the  ava i l ab le  information on the  general  aero- 
dynamic p roper t i e s  of low drag wing sec t ions .  I t  includes d iscuss ions  of t h e i r  
drag, l i f t ,  p i t ch ing  moment, a i l e ron  contro l  and s t a l l i n g  c h a r a c t e r i s t i c s  and 
the  e f f e c t  of f l a p s .  I t  i s  concluded t h a t  the  use of low drag a e r o f o i l s  of 
thickness between 15% and 2 0 %  involves no ser ious  disadvantages a s  compared 
with conventional ae ro fo i l s .  A d e t a i l e d  l i s t  of conclusions i s  given. 
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27. Zalovcik, John A. : Profile-Drag Coeff ic ients  of Conventional and Low-Drag 
A i r f o i l s  a s  Obtained i n  F l igh t .  NACA WR L-139, 1944. (Formerly NACA 
ACR L4E31. ) 

The r e s u l t s  of f l i g h t  inves t iga t ions  of the p r o f i l e  drag of seve ra l  care- 
f u l l y  f in ished conventional and low-drag a i r f o i l s  a r e  presented. The r e s u l t s  
ind ica ted  t h a t  i n  a l l  cases lower prof i le -drag  c o e f f i c i e n t s  were obtained with 
the  low-drag than with the  conventional a i r f o i l s  over the  range of l i f t  coeff i -  
c i e n t  t e s t e d  and t h a t ,  f o r  comparable conditions of l i f t  c o e f f i c i e n t  and 
Reynolds number, the low-drag a i r f o i l s  may have prof i le -drag  c o e f f i c i e n t s  which 
a r e  a t  l e a s t  27 percent  lower than the  prof i le -drag  c o e f f i c i e n t s  of the  con- 
ventional  a i r f o i l s .  

Author 
Ava i l ab i l i ty :  
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28. Abbott, I r a  H . ;  Von Doenhoff, Albert  E . ;  and S t i v e r s ,  Louis S . ,  Jr.: 
Summary of A i r f o i l  Data. NACA Rep. 824, 1945. 

Recent a i r f o i l  da ta  f o r  both f l i g h t  and wind-tunnel t e s t s  have been col-  
l ec ted  and cor re la t ed  insofa r  a s  poss ib le .  The f l i g h t  da ta  c o n s i s t  l a rge ly  o f  
drag measurements made by the  wake-survey method. Most of the  da ta  on a i r f o i l  
sec t ion  c h a r a c t e r i s t i c s  were obtained i n  the  Langley two-dimensional low- 
turbulence pressure tunnel.  Deta i l  da ta  necessary f o r  the  appl ica t ion  of NACA 
6-series  a i r f o i l s  t o  wing design a r e  presented i n  supplementary f igures ,  
together  with recent  da ta  f o r  the  NACA 00-, 14-, 24-, 44-, and 230-series 
a i r f o i l s .  The general methods used t o  derive the bas ic  thickness forms f o r  
NACA 6- and 7-series  a i r f o i l s  and t h e i r  corresponding pressure d i s t r i b u t i o n s  
a r e  presented.  Data and methods a r e  given f o r  rapidly obta in ing the  approxi- 
mate pressure  d i s t r i b u t i o n s  f o r  NACA four -d ig i t ,  f i v e - d i g i t ,  6-, and 7-series  
a i r f o i l s .  

The repor t  includes an analys is  of the l i f t ,  drag, pitching-moment, and 
cr i t ica l -speed c h a r a c t e r i s t i c s  of the  a i r f o i l s ,  together  with a discussion of 
the  e f f e c t s  of surface condit ions.  Data on h i g h - l i f t  devices a r e  presented.  
Problems associa ted  with l a t e ra l -con t ro l  devices,  leading-edge a i r  in t akes ,  
and in te r fe rence  a re  b r i e f l y  discussed.  The data  ind ica te  t h a t  the e f f e c t s  of  
surface condit ion on the  l i f t  and drag c h a r a c t e r i s t i c s  a r e  a t  l e a s t  as  la rge  
as  the  e f f e c t s  of the  a i r f o i l  shape and must be considered i n  a i r f o i l  s e l ec t ion  



and the  p red ic t ion  of wing c h a r a c t e r i s t i c s .  A i r f o i l s  permit t ing extensive lami- - 

nar  flow, such a s  the  NACA 6-ser ies  a i r f o i l s ,  have much lower drag c o e f f i c i e n t s  
a t  high speed and c ru i s ing  l i f t  c o e f f i c i e n t s  than e a r l i e r  types of a i r f o i l s  i f ,  
and only i f ,  t he  wing surfaces  a r e  s u f f i c i e n t l y  smooth and f a i r .  The NACA 
6-ser ies  a i r f o i l s  a l s o  have favorable c r i t i ca l - speed  c h a r a c t e r i s t i c s  and do not  
appear t o  p resen t  unusual problems associa ted  with the  appl ica t ion  of h i g h - l i f t  
and l a t e ra l -con t ro l  devices. 

Author 

29. MacDonald, George C . :  In ter rogat ion  of Prof. Schl icht ing  on Laminar-Flow 
Wings - Development i n  Germany, Luf t fahr t forschunqsans ta l t  (C.I.O.S., 
Target No. 25/71) . Tech. I n t e l l .  Rep. No. 1-49, U.S. S t r a t e g i c  A i r  
Forces i n  Europe, June 30, 1945. 

Toward the  l a t t e r  p a r t  of 1938, D r .  Lewis of  NACA v i s i t e d  i n  Germany. He 
gave a "clue" on the  sub jec t  of laminar-flow wings which was immediately taken 
up by the Germans. Some of t h e i r  foremost aerodynamicists worked on the  sub- 
j e c t .  This s h o r t  document l ists the  cont r ibut ions  made by some of them during 
the  per iod  1938-1945. 

Ava i l ab i l i ty :  
N78-78197 

30. Schl icht ing ,  H . :  Der Umschlag laminar/ turbulent  und das Widerstandsproblem 
des ~ragf1;gel.s. Forschungsbericht N r .  1410, Deutsche Luftfahrtforschung 
(Braunschweig) , 1941. 

Ava i l ab i l i ty  : 
N78-78046 

31. Relf ,  Ernes t  F. : Recent Aerodynamic Developments. J. R. Aeronaut. Soc., 
vol .  50, June 1946, pp. 421-449. 

A b r i e f  h i s t o r y  of  the "Laminar-Flow" s t o r y  includes discussion of 
Golds te in ' s  family of laminar flow a i r f o i l s ,  the  Piercy a i r f o i l ,  and the  e a r l y  
B r i t i s h  wind tunnel  and f l i g h t  laminar flow experiments. The e a r l y  B r i t i s h  
at tempts a t  using suct ion  began with D r .  A. A. G r i f f i t h .  This was followed by 
Dr. Golds te in ' s  work a t  N.P.L. The nature  of the  new ideas  i s  ind ica ted  and 
the bearing they may have on the  fu tu re  of  avia t ion  i s  discussed. 

32. Von Karman, Theodore: Where We Stand. Headquarters A i r  Material Command, 
May 1946, pp. 42-47. 



This  is  a  b r i e f  review of  German development o f  laminar  flow wings and 
boundary l a y e r  c o n t r o l .  A comparison i s  made wi th  t he  United S t a t e s  p rog re s s  
i n  laminar flow. 

A v a i l a b i l i t y  : 
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33. Tani,  I t i r o :  On the  Design o f  A i r f o i l s  i n  Which t h e  T r a n s i t i o n  o f  t h e  
Boundary Layer i s  Delayed. NACA TM 1351, 1952. 

A method i s  presen ted  f o r  des ign ing  s u i t a b l e  t h i cknes s  d i s t r i b u t i o n s  and 
mean camber l i n e s  f o r  a i r f o i l s  p e r m i t t i n g  ex t ens ive  chordwise laminar  flow. 
Wind tunne l  and f l i g h t  t e s t s  confirming t h e  ex i s t ence  o f  laminar  flow; p o s s i b l e  
maintenance of  laminar flow by a r e a  suc t ion ;  and t h e  e f f e c t s  of wind tunne l  
tu rbulence  and su r f ace  roughness on the  promotion of  premature boundary-layer 
t r a n s i t i o n  a r e  d i scussed .  I n  a d d i t i o n ,  e s t ima te s  of p r o f i l e  d rag  and s c a l e  
e f f e c t  on maximum l i f t  of t h e  de r ived  a i r f o i l s  a r e  made. 
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34. Golds te in ,  Sydney: Low-Drag and Suct ion A i r f o i l s .  J. Aeronaut. S c i . ,  
vo l .  15,  no. 4,  Apr. 1948, pp. 189-220. 

This  i s  l a r g e l y  t h e  s t o r y  o f  t h e  r e sea rches  c a r r i e d  o u t  i n  Great  B r i t a i n  
a r i s i n g  from an i d e a  due t o  D r .  A. A. G r i f f i t h .  This i d e a  i s  a t  once very 
gene ra l  and very  s imple.  When, a t  a  s u f f i c i e n t l y  high Reynolds number, a  f l u i d  
flows along an immersed s o l i d  s u r f a c e ,  a  boundary l a y e r  i s  formed; i f  t he  flow 
i n  t h e  boundary l a y e r  cannot  be c o n t r o l l e d ,  harmful r e s u l t s  may fol low; t h e  
boundary l a y e r  may be removed by s u c t i o n  i n  an a t tempt  t o  avoid  t he se  harmful 
r e s u l t s .  G r i f f i t h ' s  i d e a  was t h a t  i f  boundary-layer s u c t i o n  i s  t o  be  app l i ed ,  
t h e  shape of  t h e  s o l i d  su r f ace  should be s p e c i a l l y  designed. I t  i s  t h e  app l i -  
c a t i o n  of  t h i s  i d e a  t o  a i r f o i l  des ign  which forms t h e  main s u b j e c t  o f  t h i s  
l e c t u r e  and i t  may be  a s  wel l  t o  s t r e s s  t h a t  t h i s  does n o t  i nc lude  a d i scus s ion  
o f  t h e  e f f e c t s  of  suc t ion  on convent ional  a i r f o i l  shapes,  o r  on any shapes n o t  
s p e c i a l l y  designed f o r  t he  purpose; such a  d i s cus s ion  should r e a l l y  be  s epa ra t e ,  
s i n c e  t h e  amount o f  common ground i s  n o t  l a r g e .  

A s h o r t  d i s cus s ion  i s  inc luded  of  t h e  p r i n c i p l e s  of  t he  o rd ina ry  laminar- 
flow o r  low-drag wing, and of  t h e  p r e s e n t  p o s i t i o n  wi th  regard  t o  ob t a in ing  
laminar  boundary l a y e r s  i n  f l i g h t .  

The work descr ibed  i n  t h i s  l e c t u r e  was a l l  c a r r i e d  o u t  i n  t h e  Aerodynamics 
Divis ion o f  t h e  Nat ional  Phys i ca l  Laboratory o r  a t  the  Royal A i r c r a f t  Es t ab l i sh -  
ment. Two s e r i e s  of  f l i g h t  t e s t s  on laminar  flow a i r f o i l s  c a r r i e d  o u t  a t  t h e  
R.A.E. a r e  descr ibed  and r e s u l t s  d i scussed .  One was on a  King Cobra (Bel l  P.63) 
and t h e  o t h e r  on a  Hawker Hurricane 11. 

Author 



35. Keeble, T. S . :  Development i n  A u s t r a l i a  of a  Thick Suct ion Wing. Third 
Anglo-American Aeronaut ical  Conference, Joan Bradbrooke and E .  C .  P ike ,  
eds . ,  R, Aeronaut. Soc.,  1952, pp.  45-76J. 

A t  the  t ime of the  inaugura l  meeting of the  B r i t i s h  Commonwealth Advisory 
Aeronaut ical  Research Council i n  1946, a  number of G r i f f i t h  a e r o f o i l s  had been 
designed cover ing  a  wide range of cambers, maximum l i f t  c o e f f i c i e n t s  and 
thickness/chord r a t i o s .  Severa l  had been t e s t e d  i n  wind tunnels  wi th  promising 
r e s u l t s .  

A t  t h i s  meeting i t  was decided t h a t  t he  time had a r r i v e d  f o r  a  group wi th in  
t h e  Commonwealth t o  undertake development t o  t h e  f l i g h t  s t age  of one of  t hese  
suc t ion  a e r o f o i l s  i n  o rde r  t o  app rec i a t e  t he  engineering problems involved i n  
b u i l d i n g  and f l y i n g  wings of t h i s  type ,  and t o  s ee  how f a r  t h e  t h e o r e t i c a l  
advantages of t h e  suc t ion  a e r o f o i l  could be r e a l i s e d  i n  p r a c t i c e .  This  p r o j e c t  
was undertaken by the  Aus t ra l ian  Aeronaut ical  Research Labora tor ies  wi th  t h e  
a s s i s t a n c e  of  t he  Government A i r c r a f t  Factory and t h e  Royal Aus t r a l i an  A i r  
Force. 

This paper  desc r ibes  t he  wind tunnel  development of t he  a e r o f o i l ,  t he  
r e l a t e d  boundary l a y e r  s tudy ,  t he  g l i d e r  and i t s  f l i g h t  t e s t s .  An account i s  
then given of r e c e n t  wind tunne l  research  t o  e l imina te  t he  undes i rab le  charac- 
t e r i s t i c s  found i n  f l i g h t  on the  GLAS I1 wing; and f i n a l l y  a  pre l iminary  design 
s tudy has been made of a  medium-sized all-wing a i r  l i n e r  and a  proposa l  i s  out -  
l i n e d  f o r  a  h a l f  -scale  g l i d e r  f o r  i n i t i a l  development of t h i s  design.  
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36. Davies, Handel: Some Aspects of F l i g h t  Research. J .  R. Aeronaut. Soc.,  
vo l .  55, June 1951, pp. 325-361. 

An a t tempt  i s  made t o  g ive  a  r ep re sen ta t ive  p i c t u r e  by d i scuss ing  some 
t y p i c a l  examples of developments i n  f l i g h t  research  under t h ree  main headings: 

1. Work concerned d i r e c t l y  with reducing the  drag of a i r c r a f t .  

2 .  Research on s t a b i l i t y  and c o n t r o l  problems. 

3. General aerodynamic research .  

In  o rde r  t o  cover a s  wide a  f i e l d  a s  p o s s i b l e  t he  emphasis w i l l  be on the  
r e s u l t s  ob ta ined  i n  t h i s  work r a t h e r  than on d e t a i l e d  d e s c r i p t i o n s  of t he  
experimental techniques involved. 

One of t h e  main con t r ibu t ions  which f l i g h t  research  can make towards 
improving the  performance of a i r c r a f t  i s  t o  measure the  speed and t h e  drag of 
a i r c r a f t  i n  f l i g h t ,  t o  analyse the  sources of t h i s  drag and t o  explore  methods 
of reducing i t ,  Perhaps t h e  b e s t  example of t h i s  a spec t  of f l i g h t  research  i s  
provided by t h e  work done a t  the  Royal A i r c r a f t  Establishment t o  i n v e s t i g a t e  



boundary l a y e r  e f f e c t s  on a i r c r a f t  and i n  p a r t i c u l a r ,  t o  determine the  condi- 
t i o n s  under which ex tens ive  a reas  of laminar flow can be achieved i n  f l i g h t .  
This work w i l l  be discussed i n  some d e t a i l .  Data from t e s t s  on the  King Cobra, 
AW-52, Hurricane, Meteor 111, Vampire, and o t h e r s  a r e  included and discussed.  
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3 7 .  Richards,  E.  J . :  A Review of Aerodynamic Cleanness. J. R. Aeronaut. Soc., 
vo l .  54, Mar. 1950, pp.  137-186. 

An a t tempt  i s  made t o  analyse the  o v e r a l l  ga ins  t h a t  have been a t t a i n e d  i n  
aerodynamic cleanness  i n  t he  p a s t ,  t o  review the  o v e r a l l  performance improvement 
t h a t  can be expected i n  t he  immediate f u t u r e  from increased  c leanness  along 
orthodox l i n e s ,  and t o  survey c r i t i c a l l y  c e r t a i n  more advanced concepts aimed 
a t  g iv ing  s t i l l  lower drag  c o e f f i c i e n t s  and b e t t e r  performance c h a r a c t e r i s t i c s .  
I t  i s  r e a l i s e d  t h a t  a l l  t he se  advances can only be achieved by the  a t ta inments  
of the  s t r u c t u r a l  des igner ,  and the  purpose of t he  paper w i l l  be more than f u l -  
f i l l e d  i f  t h e  aerodynamicists among us g e t  a b e t t e r  i d e a  of  what i s  worth 
urging,  and i f  t he  s t r u c t u r a l  e x p e r t s  ob ta in  from it a b e t t e r  i d e a  of  what they 
can expec t  t o  gain i n  achieving the  improved cleanness  urged upon them. 

The survey confines i t s e l f  t o  l a r g e  t r a n s p o r t  a i r c r a f t  where admit tedly 
the  genera l  shape may we l l  be a f f e c t e d  by compress ib i l i ty  cons ide ra t ions ,  b u t  
which f l y  below t h e i r  c r i t i c a l  Mach Numbers and depend f o r  t h e i r  e f f i c i e n c y  on 
the  reduct ion  t o  a minimum of t h e i r  normal, s u b - c r i t i c a l  drag.  
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38.  Pankhurst,  R. C . :  N.P.L. Aerofo i l  Catalogue and Bibliography. R. & M. 
No. 3311, B r i t i s h  A.R.C. ,  1963. 

This  r e p o r t  ca t a logs  a i r f o i l s  which have been designed ( o r  s u b s t a n t i a l l y  
modified) a t  the  N.P.L., and which have been t h e  s u b j e c t  of  t h e o r e t i c a l  i n v e s t i -  
ga t ions ,  a i r c r a f t  design s t u d i e s ,  o r  wind-tunnel t e s t s .  A f u l l  b ib l iography i s  
included.  

Author 
A v a i l a b i l i t y :  

N6 3 -16 79 7 

39. Nonweiler, T. :  The Design of Wing Sec t ions .  Ai rcr .  Eng., vo l .  X X V I I I ,  
no. 329, Ju ly  1956, pp. 216-227. 

This is  a very complete and d e t a i l e d  d iscuss ion  of  t he  manner i n  which a i r -  
f o i l s  have been designed. The emphasis i s  on NACA and B r i t i s h  a i r f o i l s .  

40. Eppler ,  R. (Francesca Heffgen, t r a n s l .  ) : Laminar A i r f o i l s  f o r  Reynolds 
Numbers Greater  Than 4 x lo6 .  B-819-35, Boeing Co. , Apr. 1969. 

Laminar a i r f o i l s ,  which means a i r f o i l s  with the  h ighes t  p o s s i b l e  drag  gain 
by laminar boundary l a y e r s  without  suc t ion ,  have been examined thoroughly i n  the  



reqion of smaller  Re numbers. I t  i s  time t o  r epor t  on the  gains poss ib le  i n  
the  region above Re = 4 x 106. The NACA a i r f o i l s  which are  now over 20 years  
o l d ,  a r e  considered a s  a point  of departure.  We proceed a t  f i r s t  purely theo- 
r e t i c a l l y ,  i n  a way which has already been successful  f o r  smaller  Re numbers. 
I t  could be seen t h a t  keeping a boundary l a y e r  laminar i s  not  so  d i f f i c u l t  i n  
the  region of smaller  Re numbers i f  one bu i lds  prec is ion  wings. The most d i f f i -  
c u l t  problem l ies  here i n  avoiding laminar separat ions and so-cal led l o c a l  sepa- 
r a t i o n  bubbles. In  the  Re number region under discussion t h i s  problem does 
p r a c t i c a l l y  no t  play any r o l e  a t  a l l  and any measurements with Re = 4 x l o6 ,  
where such "bubbles" would have had any e f f e c t ,  a re  not  known t o  the  author had 
the re  not  been very sudden and very s t eep  pressure increases .  These however, 
a r e  n o t  appropriate f o r  reasons of f l i g h t  c h a r a c t e r i s t i c s .  The boundary l aye r  
t r a n s i t i o n  i s  here of the  utmost importance. A r e l i a b l e  t r a n s i t i o n  c r i t e r i o n  
is  therefore  of considerable importance f o r  a t h e o r e t i c a l  treatment. 

Author 
Ava i l ab i l i ty :  

N69-28178 

41. Nonweiler, T. R. F. :  A New Ser ies  of Low-Drag Aerofoils .  R. & M. 
No. 3618, B r i t i s h  A.R.C. ,  1971. 

A s e r i e s  of  low drag a e r o f o i l s ,  modelled roughly on the NACA 6-ser ies ,  i s  
described.  I t  appears t o  o f f e r  t h e o r e t i c a l  advantages over i t s  progeni tor ,  and 
allows f l e x i b i l i t y  i n  the  choice of leading-edge thickness and t ra i l ing-edge 
angle.  Aerofoils  of t h i s  s e r i e s  a r e  spec i f i ed  by f i v e  parameters,  and the  aero- 
dynamic and geometrical c h a r a c t e r i s t i c s  of about 1000 of the  sec t ions  a r e  l i s t e d .  
The mathematical der iva t ion  of t h e i r  shape (by the  L i g h t h i l l  method) i s  described 
i n  d e t a i l ,  and an ALGOL 60 procedure f o r  the  computation of t h e i r  ordinates  i s  
included; care  has been taken t o  cons t ruct  t h i s  procedure so t h a t  it may be of 
general  use i n  o the r  appl ica t ions  of the  L i g h t h i l l  method of design. 

Author 
Ava i l ab i l i ty :  

N71-24498 

9 

42. De Lagarde, B . ;  and De Loof, J. P . :  Etude e t  Essa is  de P r o f i l s  Laminaires. 
LtAeronautique e t  LtAstronautique, no. 32, Aug. 1971, pp. 29-39. 

Def in i t ion  of condit ions f o r  the  u t i l i z a t i o n  of modern g l i d e r s ,  with 
development of i d e a l  aerodynamic c h a r a c t e r i s t i c s  of the  a i r f o i l s  t o  be con- 
ceived. The study cons i s t s  of the  development of programs making it poss ib le  
t o  ca lcu la te  the  pole of a given a i r f o i l  so a s  t o  determine the p r o f i l e  function 
of speed d i s t r i b u t i o n ,  and then t o  study the  d i s t r i b u t i o n  of favorable pressures 
leading t o  optimized a i r f o i l s .  Wind tunnel t e s t s  on se lec ted  models make it 
poss ib le  t o  complete the  family of a i r f o i l s  t o  be proposed t o  cons t ructors .  

Ava i l ab i l i ty :  
A72 -17194 



43. Wortmann, F. X.: A C r i t i c a l  Review of  t he  Phys ica l  Aspects of  A i r f o i l  
Design a t  Low Mach Numbers. Motorless F l i g h t  Research, 1972, James L. 
Nash-Webber, ed.  , NASA CR-2315, 1973, pp. 179-196. 

A i r f o i l  design i s  always a mat te r  of more o r  l e s s  d i r e c t  boundary l a y e r  
c o n t r o l .  To accomplish t h i s  goa l  we obviously need a i r f o i l  and boundary l a y e r  
theory ,  t h e  a v a i l a b i l i t y  of  computers and programs, and, f i n a l l y ,  a s u i t a b l e  
wind tunne l ,  a s  t o o l s .  

I t  has  been the  purpose of  t h i s  paper  t o  show t h a t  another  q u a l i t y  i s  
equa l ly  ind ispensable :  imaginat ion which enables  one t o  carve o u t  o f  t h e  
phys i ca l  a s p e c t s  o f  t h e  problem an advanced a i r f o i l .  However, t h e  p h y s i c a l  
a spec t s  a r e  t r a n s p a r e n t  enough t o  s t a t e  t h a t  we cannot expec t  a breakthrough. 
This i s  e s p e c i a l l y  t r u e  f o r  t h e  low-cambered, low angle  of  a t t a c k  a i r f o i l .  Any 
advances a r e  slow and hard t o  achieve a s  one approaches t h e  p h y s i c a l  l i m i t s .  
There e x i s t ,  however, numerous d e t a i l s  i n  t h e  " a i r f o i l  and boundary l a y e r "  
f i e l d  where our  p re sen t  knowledge i s  open t o  f u r t h e r  ref inements ,  and t h i s  
r a i s e s  t h e  hope t h a t  f u r t h e r  advanced a i r f o i l  des ign  may a l s o  be p o s s i b l e  i n  
t he  f u t u r e .  

The NACA 641-012 a i r f o i l  i s  compared with some FX-a i r fo i l s .  
Author 

A v a i l a b i l i t y  : 
N74-10051 

44. Carmichael, B. H . :  Appl ica t ion  of Sa i lp l ane  and Low-Drag Underwater 
Vehicle Technology t o  t h e  Long-Endurance Drone Problem. AIAA Paper 
No. 74-1036, Sept .  1974. 

Theo re t i ca l  and experimental  con t r ibu t ions  t o  t h e  s c i ence  of  d r ag  reduc t ion  
through ex t ens ive  laminar flow a r e  reviewed. A i r f o i l s  wi th  h igh  L/D and high L 
t o  t h e  3/2 power/D a t  a Reynolds number of  1 mi l l i on  a r e  descr ibed .  The very  
low d rag  c o e f f i c i e n t s  of  f i v e  laminar  fu se l ages  a r e  compared wi th  t y p i c a l  turbu-  
l e n t  va lues .  A scheme is  r evea l ed  t o  e l imina t e  wing-fuselage i n t e r s e c t i o n  drag  
and t o  avoid t u r b u l e n t  wedges i n  t h e  i n t e r s e c t i o n s .  So lu t ions  t o  p r a c t i c a l  
laminar  a i r c r a f t  problems such a s  su r f ace  roughness,  waviness,  i n s e c t  contamina- 
t i o n ,  atmospheric tu rbulence ,  no i se ,  and v i b r a t i o n  a r e  presen ted .  A drone a i r -  
c r a f t  of ou t s t and ing  performance, based on t h e  above accumulated technology, is  
descr ibed .  

Author 
A v a i l a b i l i t y :  

A74-42050 

45. Althaus,  D . :  S t u t t g a r t e r  P r o f i l k a t a l o g  I .  I n s t .  Aerodyn. & Gasdyn., 
Univ. S t u t t g a r t ,  1972. 

The " S t u t t g a r t e r  P r o f i l k a t a l o g  I" i s  a summary of t h e  d a t a  f o r  36 a i r f o i l s  
which a r e  d iv ided  i n  groups: 



Cambered a i r f o i l s  
A i r f o i l s  wi th  f l a p s  
Symmetrical a i r f o i l s  wi th  f l a p s  and s p e c i a l  a i r f o i l s  ( a i r f o i l s  wi th  

v a r i a b l e  chord) 

For each a i r f o i l  t h e  coo rd ina t e s ,  t h e  shape,  t h e  t h e o r e t i c a l  v e l o c i t y  d i s t r i b u -  
t i o n ,  and t h e  experimental  d a t a  f o r  s e v e r a l  Reynolds numbers a r e  given.  

Some s p e c i a l  measurements a r e  a l s o  provided : 

Measurements on an a i r f o i l  with modified f l a p  and h igh  f l a p  d e f l e c t i o n  
Measurements on two a i r f o i l s  with va r ious  arrangements of  a i r b r a k e s  
Measurements on a i r f o i l s  wi th  brake-f l a p s  

For comparison wi th  NACA r e s u l t s ,  measurements on some NACA a i r f o i l s  a r e  
l i s t e d  too.  

The t e x t  o f  t h e  ca t a log  i s  w r i t t e n  i n  German, b u t  a  s h o r t  i n t r o d u c t i o n  i n  
Engl i sh  is  inc luded .  

Author 
A v a i l a b i l i t y :  

Copies of  t h i s  ca t a log  must be ordered  d i r e c t l y  from the  u n i v e r s i t a t  
S t u t t g a r t  . 

46. Wortmann, F. X . :  Einige Laminarprofi le  f u r  Segelf lugzeuge.  OSTIV 
Publ.  V I I ,  1963. 

A v a i l a b i l i t y :  
N78-78474 
CN-128,199, 1963 

47. Ho l s t e in ,  H . :  Experiments on t h e  Inf luence  of  Boundary Layers.  Rep. & 

Trans l .  No. 1005, M.A.P. ~ ; j l k e n r o d e ,  Apr. 1, 1948. 

The f i r s t  two p a r t s  d e a l  wi th  t h e  means app l i ed  t o  keep t h e  flow laminar  
a long  t h e  g r e a t e s t  p o s s i b l e  length .  These means a r e  t h e  shape of t h e  body and 
t h e  removal of  t h e  boundary l a y e r  by suc t ion .  The t h i r d  p a r t  d i s cus se s  t h e  
s e n s i t i v i t y  of  t h e  laminar  boundary l a y e r  t o  d i s tu rbances  on the  su r f ace  of  t h e  
body. 

A v a i l a b i l i t y  : 
N78-78473 

48. Pankhurst ,  R. C . :  Recent B r i t i s h  Work on Methods of  Boundary-Layer Cont ro l .  
Boundary Layer E f f e c t s  i n  Aerodynamics, Ph i losophica l  L ibrary ,  1955, 
pp. 6  P . 1  - 6 P.39; Discussion,  pp. D.6 P . l  - D.6 P ;7 .  

The s t a t e  of  development of suc t ion  a e r o f o i l s  i n  1948 was descr ibed  by 
Prof .  Golds te in  i n  t he  Wright Brothers  Lecture f o r  t h a t  yea r .  The p r e s e n t  paper  



gives  an account  of subsequent B r i t i s h  i n v e s t i g a t i o n s  of  boundary-layer s u c t i o n  
and o t h e r  methods of boundary-layer c o n t r o l .  The purpose of  t h e  p r e s e n t  paper  
i s  t o  t r a c e  how the  emphasis has  g radua l ly  s h i f t e d  s i n c e  t hen ,  and a l s o  t o  i n d i -  
c a t e  t h e  p r o g r e s s  which has  been made i n  o t h e r  a p p l i c a t i o n s  of  suc t ion  and i n  
o t h e r  forms o f  boundary-layer c o n t r o l ,  such a s  a i r  j e t s  and vo r t ex  gene ra to r s .  
I n  o r d e r  t o  narrow t h e  f i e l d ,  t h e  d i s cus s ion  w i l l  be r e s t r i c t e d  almost  e n t i r e l y  
t o  B r i t i s h  work. The m a t e r i a l  i s  b e s t  sub-divided i n t o  

( a )  maintenance of  laminar flow by suc t ion  through s l o t s  o r  porous 
s u r f  aces;  

(b )  improvement of s t a l l i n g  behaviour  by suc t ion  through s l o t s  o r  porous 
s u r f a c e s ,  o r  by blowing through s l o t s ;  and 

( c )  o t h e r  methods of  boundary-layer c o n t r o l  than suc t ion  o r  blowing a s  
u s u a l l y  understood. 

Both i n  B r i t a i n  and elsewhere a g r e a t  d e a l  of  wind-tunnel d a t a  on boundary- 
l a y e r  c o n t r o l  by suc t ion  and blowing has  now been accumulated. Although f u r t h e r  
f l i g h t  t e s t s  a r e  needed, t h e  s t a q e  has  been reached a t  which p r a c t i c a l  appl ica-  
t i o n s  t o  f u l l - s c a l e  a i r c r a f t  should be f e a s i b l e  with a minimum of  f u r t h e r  wind- 
tunne l  t e s t i n g ,  t he  most p r e s s i n g  problems now be ing  engineer ing  and s t r u c t u r a l  
r a t h e r  than aerodynamic. 

The b ib l iography  con ta in s  105 r e f e r ences .  
Author 

A v a i l a b i l i t y :  
N78-78200 
N-42403 

49. Miles,  F. G. : Sucking Away t h e  Boundary Layer. F l i g h t ,  vo l .  XXXV, 
no. 1570, Jan. 26, 1939, pp. 82b-82d. 

Af t e r  experimenting with boundary-layer c o n t r o l  and performing t h e  f i r s t  
f l i g h t  t e s t s  wi th  suc t ion ,  t h e  au thor  o f  t h i s  a r t i c l e  comes t o  t he  conclusion 
t h a t  suc t ion  i s  supe r io r  t o  blowing. M r .  Miles d e s c r i b e s  t h e  experiments and 
r e s u l t s  ob ta ined  and concludes t h a t  boundary-layer c o n t r o l  may be worthwhile 
and sugges ts  t h a 3  f u r t h e r  r e sea rch  be  done. 

50. Ho l s t e in :  Ueber Reibungsschichtabsaugung zur  Laminarhaltung d e r  
Reibungsschicht,  Insbesondere an Para l le langes t roemten  Ebenen P l a t t e n .  
TPA 3/TIB Trans l .  No. GDC 10/1301 TI B r i t i s h  Min. Supply, Dec. 15,  1941. 

From t h e  model t e s t s  made i n  t h e  AVA it has been found t h a t  by t he  removal 
by suc t ion  o f  t h e  f r i c t i o n  l a y e r  it i s  p o s s i b l e  t o  produce a rearward d i sp l ace -  
ment of t he  t r a n s i t i o n  p o i n t  i n  t h e  f r i c t i o n  l a y e r  of  a body immersed i n  a 
flow. Suct ion o f f  from t h e  f r i c t i o n  l a y e r  has  thus  become a means o f  reducing 
f r i c t i o n  drag.  



It i s  t h e r e f o r e  of i n t e r e s t  t o  o b t a i n  f u r t h e r  information a s  t o  t h e  
behaviour of  t h e  laminar  f r i c t i o n  l a y e r  when suc t ion  i s  app l i ed ,  t o  know t h e  
balance between t h e  reduc t ion  i n  drag,  and t h e  i nc rease  i n  ou tput  r equ i r ed  t o  
d r i v e  t h e  s u c t i o n  blower i n  s p e c i f i c  ca se s ,  t o  know how t h i s  balance v a r i e s  wi th  
v a r i a t i o n  i n  t h e  Reynolds Number, and t o  c l a r i f y  o t h e r  s i m i l a r  ques t i ons .  

Although t h e  fundamental equa t ions  r equ i r ed  f o r  t h i s  purpose have been 
de r ived  i n  p a r t  i n  t h e i r  gene ra l  form, t h e  examples c a l c u l a t e d  have been l i m i t e d  
t o  t h e  case  o f  t h e  two dimensional p l a t e  exposed t o  a  p a r a l l e l  i n c i d e n t  flow, 
s i n c e  f o r  t h i s  c a s e ,  due t o  t he  absence of any p re s su re  g r a d i e n t ,  t h e  ca l cu l a -  
t i o n s  a r e  somewhat less complicated. 

The v a r i a t i o n  i n  t h e  p re s su re  d i s t r i b u t i o n  due t o  s ink  e f f e c t  when s u c t i o n  
i s  app l i ed  could  then always be neglec ted  a s  be ing  very small .  

Author 
A v a i l a b i l i t y  : 

N78-78198 

51. Pfenninger ,  W. : Laminar Flow A i r f o i l s  With Boundary Layer Suc t ion .  
I n t e r a v i a ,  vo l .  11, Mar. 1947, pp.  42-46. 

This  is  a  g e n e r a l  d i s cus s ion  of  work done on ' l aminar  flow a i r f o i l s . '  
Both t h e o r e t i c a l  and experimental  work i s  inc luded .  Data from s e v e r a l  exper i -  
ments on s u c t i o n  s l o t s  f o r  i n c r e a s i n g  t h e  laminar  flow on a i r f o i l s  a r e  shown and 
i n t e r p r e t e d .  I t  i s  concluded t h a t  t h e  s u c t i o n  wing need n o t  be  much heav ie r  
than t h e  convent iona l  type .  

52. Pfenninger ,  Werner: I n v e s t i g a t i o n s  on Reductions of F r i c t i o n  on Wings, i n  
P a r t i c u l a r  by Means of  Boundary-Layer Suc t ion .  NACA TM 1181, 1947. 

The p r e s e n t  r e p o r t ,  begun i n  1940, d e a l s  wi th  t h e  reduc t ion  of  f r i c t i o n a l  
d r ag  by main ta in ing  a  more extended laminar  boundary l a y e r ,  p a r t i c u l a r l y  with 
t h e  a i d  of  boundary-layer suc t ion .  The f i r s t  chap te r s  t r e a t  p u b l i c a t i o n s  i n  
t h i s  f i e l d ,  t h e  causes  of  t h e  boundary-layer t r a n s i t i o n  and a  few laminar  pro- 
f i l e s  without  boundary-layer suc t ion .  Next, t e s t s  with laminar  s u c t i o n  pro-  
f i l e s  a r e  descr ibed .  The behavior  of  t h e  suc t ion  s l o t s  f o r  laminar boundary- 
l a y e r  suc t ion  was s e p a r a t e l y  examined. 

The aim of  t h e  t e s t s  descr ibed  he re  was t o  keep t h e  boundary l a y e r  com- 
p l e t e l y  laminar  up t o  t h e  t r a i l i n g  edge o f  t h e  wing. 

Author 
A v a i l a b i l i t y  : 

N78-78517 

53. Von Doenhoff, A. E.; and L o f t i n ,  L. K . ,  Jr.: Extension of  Laminar 
Boundary Layers by Boundary-Layer Control .  NACA Conference on Boundary 
Layers - A Compilation of the  Papers  Presen ted ,  NASA, 1947, pp. 35-44. 



Early NACA work on laminar flow con t ro l  i s  b r i e f l y  summarized. The f i r s t  
t e s t s  of laminar a i r f o i l s  were done i n  1938 i n  the 2-dimensional low-turbulence 
tunnel .  The experimental work on suc t ion  s l o t s  i s  descr ibed and problems a r e  
d iscussed .  I t  was found t h a t  con t ro l  of t h e  laminar boundary l a y e r  by suc t ion  
s l o t s  was e f f e c t i v e  i n  de lay ing  t r a n s i t i o n  i n  a region of adverse p re s su re  
g rad ien t ,  b u t  such conclusive evidence was no t  reached t o  show the  laminar flow 
region could be extended under favorable  p re s su re  g rad ien t .  Power requirements 
f o r  ope ra t ion  of the  suc t ion  s l o t s  were inves t iga t ed .  F l i g h t  t e s t s  were made t o  
determine t h e  e x t e n t  of laminar flow ob ta inab le ;  and some work on d i s t r i b u t e d  
suc t ion  was i n  the planning s t a g e .  

A v a i l a b i l i t y :  
N78-78047 

54. L o f t i n ,  Laurence K . ,  Jr .;  and Burrows, Dale L . :  I nves t iga t ions  Rela t ing  t o  
t he  Extension of Laminar Flow by Means of  Boundary-Layer Suct ion  Through 
S l o t s .  NACA T N  1961, 1949. 

Wind-tunnel i n v e s t i g a t i o n s  have been made of suc t ion  through s l o t s  a s  a 
means of i nc reas ing  the  e x t e n t  of laminar flow on seve ra l  a i r f o i l  s e c t i o n s .  The 
e x t e n t  of laminar  flow was increased  i n  some cases  by a s  much a s  52 pe rcen t  of  
the  chord with a small  expenditure  of suc t ion  power a t  Reynolds numbers a s  high 
a s  7.0 x l o6 .  A method i s  presented  f o r  determining an e f f i c i e n t  s u c t i o n  s l o t  
arrangement f o r  any a r b i t r a r y  a i r f o i l  s e c t i o n  ope ra t ing  a t  a given free-stream 
Reynolds number. 

Author 
A v a i l a b i l i t y  : 

N78-78518 

55. Smith, A.  M .  0 . :  A Proposed General and F l i g h t  Tes t  I n v e s t i g a t i o n  of 
Laminar Boundary Layer Control  Using a Per fora ted  Surface.  Rep. No. 
ES 17516, Douglas A i r c r a f t  Co., I n c . ,  Mar. 26, 1954. 

A three-phase a t t a c k  on the  problems of  laminar boundary l a y e r  con t ro l  i s  
proposed. The i n v e s t i g a t i o n  w i l l  be confined t o  t he  study and t e s t i n g  of pe r -  
f o r a t e d  m a t e r i a l  a s  a means of boundary l a y e r  con t ro l .  Emphasis i n  t he  work w i l l  
be on t h e  developmental, ope ra t iona l  and manufacturing a spec t s  of t h e  problem. 
Since a l l  p a s t  i n v e s t i g a t i o n s  have shown t h a t  roughness and d i r t  a r e  t h e  g rea t -  
e s t  s i n g l e  source of t r o u b l e ,  major e f f o r t s  and thought w i l l  be app l i ed  t o  f i n d  
a remedy f o r  the  d i f f i c u l t y .  The i n v e s t i g a t i o n  w i l l  be d iv ided  i n t o  th ree  
phases a s  fo l lows:  Phase I .  General study of t h e  o v e r a l l  problems and economy 
of laminar boundary l a y e r  con t ro l .  Wind tunnel  t e s t s  a s  necessary t o  supply 
design d a t a  f o r  the pe r fo ra t ed  ma te r i a l  and f o r  explor ing  means t o  d e s e n s i t i z e  
the  flow t o  roughness. Phase 11. Guided by t h e  information produced by t h e  
Phase I s tudy ,  des ign ,  b u i l d  and f l i g h t  t e s t ,  an unswept l a r g e  chord, p r a c t i c a l  
cons t ruc t ion  glove wing, f o r  the purpose o f  l ea rn ing  the  performance and 



problems i n  a c t u a l  f l i g h t .  Phase 111. I f  Phase I and I S  war ran t ,  des ign  a 
complete wing f o r  an a i r c r a f t  t o  be chosen n e a r  the  completion o f  Phase IS. 

Author 

56. Von Doenhoff, A .  E . ;  and L o f t i n ,  L. K . ,  J r . :  P re sen t  S t a t u s  of  Research 
on Boundary-Layer Control .  J. Aeronaut. S c i . ,  vo l .  16, no. 12,  
Dec. 1949, pp.  729-740, 760. 

The p r e s e n t  s t a t u s  of  r e sea rch  on boundary-layer c o n t r o l  and i t s  p o s s i b l e  
a p p l i c a t i o n s  i n  ae ronau t i c s  i s  surveyed. Although t h e  number of p o s s i b l e  a p p l i -  
c a t i o n s  of  boundary-layer c o n t r o l  i s  l a r g e ,  only those  t h a t  have rece ived  t h e  
most a t t e n t i o n  r e c e n t l y  o r  show the  most promise of  producing u s e f u l  r e s u l t s  
a r e  considered i n  t he  p r e s e n t  paper .  The p o s s i b l e  a p p l i c a t i o n s  o f  boundary- 
l a y e r  c o n t r o l  considered a r e :  

(1) Reduction of  p r o f i l e  d rag  by t h e  e l imina t ion  of t u r b u l e n t  s e p a r a t i o n  
and by i n c r e a s i n g  t h e  r e l a t i v e  e x t e n t  of laminar  flow. 

(2)  Inc rease  of  t h e  maximum l i f t  c o e f f i c i e n t  through c o n t r o l  of laminar  
and t u r b u l e n t  s e p a r a t i o n .  

( 3 )  The use o f  suc t ion  and blowing s l o t s  near  t he  t r a i l i n g  edge o f  an 
a i r f o i l  a s  a means of  l a t e r a l  c o n t r o l .  

( 4 )  The use o f  boundary-layer c o n t r o l  a s  a means of  i nc reas ing  t h e  
e f f i c i e n c y  o f  d i f f u s e r s  and bends. 

(5 )  The use  of  boundary-layer c o n t r o l  t o  i n f luence  shock boundary-layer 
i n t e r a c t i o n  a t  h igh  speed. 

The p o s s i b l e  improvements i n  a i r p l a n e  c h a r a c t e r i s t i c s  r e s u l t i n g  from these  
a p p l i c a t i o n s  of  boundary-layer c o n t r o l  a r e  d i s cus sed ,  and t h e  genera l  l i n e s  o f  
f u t u r e  r e sea rch  a r e  i nd i ca t ed .  

Author 

57. Jones,  Me lv i l l ;  and Head, M. R. : The Reduction of Drag by D i s t r i b u t e d  
Suct ion.  Third Anglo-American Aeronaut ical  Conference, Joan Bradbrooke 
and E. C. P ike ,  e d s . ,  R. Aeronaut. Soc. ,  1952, pp. 199-230L. 

The paper  c o n s i s t s  o f  t h r e e  p a r t s .  The f i r s t  i s  intended only f o r  those  
r eade r s  who a r e  n o t  f a m i l i a r  wi th  t h e  underlying theory ;  i t  conta ins  a b r i e f  
d i s cus s ion  of t h e  causes of t r a n s i t i o n  t o  tu rbulence  i n  t he  boundary l a y e r  both 
i n  t h e  absence and i n  t h e  presence of d i s t r i b u t e d  suc t ion .  The second and main 
p a r t  de sc r ibes  and d i scus se s  t h e  Cambridge experiments and compares t h e i r  
r e s u l t s  with those  obtained a t  Lanqley F i e ld .  The t h i r d  p a r t  conta ins  a t e n t a -  
t i v e  e s t ima te  o f  what t h e  equ iva l en t  profi.Le drag  might be f o r  an  i d e a l  aero- 



plane  on which it i s  supposed t h a t ,  by d i s t r i b u t e d  s u c t i o n ,  laminar flow is  
maintained over  i t s  e n t i r e  su r f ace .  
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58. Lachmann, G. V . :  Boundary Layer Control .  J. R. Aeronaut. Soc. ,  vo l .  59, 
no. 531, Mar. 1955, pp. 163-198. 

P a r t  I i s  concerned wi th  boundary l a y e r  and c i r c u l a t i o n  c o n t r o l  through 
blowing and sucking. A review i s  given of  developments a long  t h i s  l i n e  i n  
var ious  c o u n t r i e s .  General take-off  and landing  cons ide ra t i ons  a r e  d i scussed .  
P a r t  I1 g ives  t h e  h i s t o r y  o f  work on l amina r i za t i on  through boundary l a y e r  con- 
t r o l .  E f f e c t s  o f  su r f ace  roughness and o t h e r  f a c t o r s  on laminar  boundary l a y e r  
s t a b i l i t y  a r e  considered.  Methods of  p ropuls ion  and performance f o r  laminarized 
a i r c r a f t  a r e  d i scussed .  A l a r g e  b ib l iography  i s  appended. 

59. Braslow, A lbe r t  L.; Burrows, Dale L.; Te t e rv in ,  Neal; and Viscont i ,  
F ioravante :  Experimental and Theore t i ca l  S tud i e s  of  Area Suc t ion  f o r  t he  
Control  of t he  Laminar Boundary Layer on an NACA 64A010 A i r f o i l .  NACA 
Rep. 1025, 1951. (Supersedes TN 1905 by Burrows, Braslow, and Teterv in  
and NACA TN 2112 by Braslow and Vi scon t i . )  

A low-turbulence wind-tunnel i n v e s t i g a t i o n  was made of an NACA 64A010 a i r -  
f o i l  having a porous su r f ace  t o  determine t h e  reduc t ion  i n  s e c t i o n  t o t a l - d r a g  
c o e f f i c i e n t  t h a t  might be ob ta ined  a t  l a r g e  Reynolds numbers by t h e  use of suc- 
t i o n  t o  produce continuous in f low through the  su r f ace  of  t he  a i r f o i l  ( a r e a  
s u c t i o n ) .  I n  add i t i on  t o  t h e  experimental  i n v e s t i g a t i o n ,  a r e l a t e d  t h e o r e t i c a l  
a n a l y s i s  was made t o  provide a b a s i s  of comparison f o r  t h e  tes t  r e s u l t s .  

Ful l -chord laminar flow was maintained by a p p l i c a t i o n  of  a r e a  s u c t i o n  up t o  
a Reynolds number o f  approximately 20 x l o6 .  A t  t h i s  Reynolds number, combined 
wake and suc t ion  drags  of  t h e  o rde r  of  38 pe rcen t  of t h e  d rag  f o r  a smooth and 
f a i r  NACA 64A010 a i r f o i l  wi thout  boundary-layer c o n t r o l  were ob ta ined .  The 
minimum experimental  va lues  of suction-flow c o e f f i c i e n t  f o r  fu l l - cho rd  laminar 
flow were o f  t h e  same o rde r  of magnitude a s  t h e  t h e o r e t i c a l  va lues  and decreased 
with an i n c r e a s e  i n  Reynolds number i n  t he  same manner a s  t h e  t h e o r e t i c a l  va lues  
It seems l i k e l y  from the  r e s u l t s  t h a t  a t ta inment  of  fu l l -chord  laminar  flow by 
means of  continuous suc t ion  through a porous su r f ace  w i l l  n o t  be prec luded  by a 
f u r t h e r  i n c r e a s e  i n  Reynolds number provided t h a t  the a i r f o i l  s u r f a c e s  a r e  main- 
t a i n e d  s u f f i c i e n t l y  smooth and f a i r  and provided t h a t  outf low of a i r  through t h e  
su r f ace  i s  prevented.  

Although a r e a  suc t ion  was ab l e  t o  overcome t h e  d e s t a b i l i z i n g  e f f e c t s  o f  an 
adverse p re s su re  g rad i en t  such a s  t h a t  which occurs  over  t h e  r e a r  p o r t i o n  of  an 
a i r f o i l ,  a r e a  suc t ion  does n o t  appear t o  s t a b i l i z e  t h e  boundary l a y e r  completely 
for r e l a t i v e l y  l a r g e  d i s turbances  such a s  those which might be caused by pro-  
tuberances t h a t  have a h e i g h t  comparable t o  t h e  boundary-layer t h i cknes s .  
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60. Perk ins ,  Court land D.; and Hazen, David C . :  Some Recent Advances i n  
Boundary Layer and C i r c u l a t i o n  Cont ro l .  Fourth Anglo-American Aero- 
n a u t i c a l  Conference, Joan Bradbrooke and E .  C.  P ike ,  e d s . ,  R. Aeronaut.  
Soc . ,  1954, pp. 189-224N. 

A b r i e f  d e s c r i p t i o n  of boundary l a y e r  c o n t r o l  systems u t i l i s i n g  blowing 
s l o t s ,  s u c t i o n  s l o t s  o r  porous m a t e r i a l  i s  given.  The d i f f e r e n c e s  between such 
systems which a r e  p r i m a r i l y  designed t o  g ive  c o n t r o l  over  s epa ra t i on  and hence 
low drag ,  and those  systems us ing  blowing o r  suc t ion  over  f l a p s  o r  employing 
t r a i l i n g  edge s u c t i o n  s l o t s  t o  change t h e  c i r c u l a t i o n ,  and hence t he  l i f t  a t  a 
given angle  of  a t t a c k ,  a r e  po in t ed  ou t .  

A d i s cus s ion  of  an experimental  i n v e s t i g a t i o n  conducted by the  S t a t e  
Col lege of Mis s i s s ipp i  u t i l i s i n g  a s a i l p l a n e  t o  examine t h e  e f f e c t s  o f  d i s -  
t r i b u t e d  s u c t i o n  on the  s t a b i l i s a t i o n  o f  t h e  laminar boundary l a y e r  i s  p re -  
s en t ed .  It i s  shown t h a t  by t a i l o r i n g  t h e  p o r o s i t y  of  t h e  s u r f a c e ,  s o  t h a t  j u s t  
s u f f i c i e n t  s u c t i o n  i s  app l i ed  t o  maintain t h e  laminar  boundary l a y e r  w i thou t  
exces s ive  t h inn ing ,  t h e  lowest  t o t a l  d rag  (aerodynamic p l u s  suc t ion  power 
r equ i r ed )  can be ob ta ined .  

To demonstrate t h e  d i f f e r e n c e  between boundary l a y e r  c o n t r o l  and c i r c u l a -  
t i o n  c o n t r o l ,  t h e  r e s u l t s  of an experimental  and t h e o r e t i c a l  programme conducted 
by Pr ince ton  Univers i ty  i n v e s t i g a t i n g  t h e  p o s s i b i l i t i e s  of  t r a i l i n g  edge suc t ion  
s l o t s  i s  r epo r t ed .  The importance o f  t h e  l o c a t i o n  of  t h e  t r a i l i n g  edge s tagna-  
t i o n  p o i n t  i s  d i scus sed  and a t h e o r e t i c a l  technique f o r  p r e d i c t i n g  t h e  aero-  
dynamic c h a r a c t e r i s t i c s  o f  a p r o f i l e  equipped wi th  such a s l o t  i s  p re sen t ed  and 
compared wi th  experimental  r e s u l t s .  

The use o f  a "snow corn ice"  type shape,  i n  which it i s  p o s s i b l e  t o  e n t r a p  a 
vo r t ex  e i t h e r  au tomat ica l ly  o r  by means of  s u c t i o n ,  i s  repor ted .  Ce r t a in  a p p l i -  
c a t i o n s  t o  wind tunne l s  and wings which have given promising r e s u l t s  a r e  d i s -  
cussed.  It i s  f e l t  t h a t  t h i s  use of  t h e  t rapped vo r t ex  r e p r e s e n t s  a major 
advance and t h a t  cons iderab le  i n c r e a s e s  of  e f f i c i e n c y  i n  a l l  subsonic  expansion 
problems may be  p o s s i b l e  by u t i l i s i n g  t h i s  p r i n c i p l e .  
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61. May, Ralph W . ,  Jr.: NACA Wing Boundary-Layer Control  Research. Paper 
p re sen t ed  a t  Boundary-Layer Control  Symposium (White Oaks, Maryland),  
June 24, 1953. 

The o b j e c t i v e s ,  scope,  and s i g n i f i c a n t  r e s u l t s  of  NACA research  i n  t h e  
f i e l d  of  boundary-layer c o n t r o l  a r e  d i s cus sed  i n  gene ra l  terms, with p a r t i c u l a r  
emphasis on t h e  r e c e n t  and c u r r e n t  r e sea rch .  Only those  phases  of  boundary- 



l a y e r  c o n t r o l  research  concerned wi th  extending laminar flow on wings and 
improving a i r p l a n e  landing o r  take-off c h a r a c t e r i s t i c s  a r e  considered.  
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62. Lachmann, G. V . :  Laminarisat ion Through Boundary Layer Control .  Pro- 
ceedings of t he  Fourth AGARD General Assembly, Netherlands. AG14/P5, 
AGARD, May 1954, pp. 108-127. (Also a v a i l a b l e  i n  Aeronaut. Eng. Rev., 
vo l .  13,  no. 8 ,  Aug. 1954, pp. 37-51.) 

The e s s e n t i a l  p r e r e q u i s i t e  f o r  laminar i sed  a i r c r a f t  i s  a  s u r f a c e  f i n i s h  
which i s  compatible with t h e  maintenance of a  laminar boundary l a y e r  thinned 
down by suc t ion .  

Analysis  of the  e f f e c t  of i s o l a t e d  roughness on t r a n s i t i o n  which needs 
experimental  cor robora t ion  sugges ts  t h a t  t h e  he ight  of i s o l a t e d  su r f ace  excres-  
cences should be we l l  below 50% of t he  l o c a l  displacement th ickness  of  t h e  
boundary l a y e r  where s u c t i o n  i s  appl ied .  

D i s t r i bu ted  suc t ion  i s  the  i d e a l  s o l u t i o n  from an aerodynamic p o i n t  o f  
view s ince  it avoids l o c a l i z e d  reduct ion  of  boundary-layer t h i ckness  due t o  
suc t ion ,  b u t  it i s  the  most d i f f i c u l t  method i n  p r a c t i c e .  

Closely spaced rows of spanwise s i n k s  o f f e r  the  b e s t  compromise. 

The aerodynamic design should take  i n t o  account t he  ex i s t ence  o f  two 
c r i t i c a l  l i m i t s  f o r  t h e  boundary-layer th ickness  with app l i ed  suc t ion .  The 
upper l i m i t  i s  b e s t  def ined  by a c r i t i c a l  value of R 4  f o r  which a conserva t ive  
value i s  Rgcrit  = 1250. The r a t i o  of t he  c r i t i c a l  va lues  of momentum th i ckness  
(with maximum and minimum suc t ion )  1 i s  p ropor t iona l  t o  a  Reynolds Number 
formed with roughness he igh t  a s  l eng th  and a  cons tan t .  

Care without  unduly g r e a t  p r a c t i c a l  d i f f i c u l t i e s  i n  product ion and mainte- 
nance should make poss ib l e  f l i g h t  with laminar boundary l a y e r ,  s t a b i l i s e d  by 
suc t ion ,  a t  va lues  of U/v of t h e  o rde r  1.5 t 2.5 x lo6 .  

Cru is ing  i n  the  s t r a to sphe re  a t  such va lues  of U / v  makes p o s s i b l e  t h e  
a t ta inment  of  high subsonic Mach numbers. 
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63. Lachmann, G .  V. :  The Case f o r  Laminarization. Se l ec t ed  Papers on 
Engineering Mechanics, G.  G a b r i e l l i ,  F. N. Sheubel, and F. L. Wattendorf, 
e d s . ,  But terworths  S c i .  PubL. (London), 1955, pp. 142-186. 



The e s s e n t i a l  p r e r e q u i s i t e  f o r  Laminarized a i r c r a f t  i s  a  su r f ace  f i n i s h  
which i s  compatible with the  maintenance o f  a  laminar  boundary l a y e r  thinned 
down by suc t ion .  

Analysis o f  t h e  e f f e c t  of i s o l a t e d  roughness on t r a n s i t i o n  which needs 
experimental  cor robora t ion  sugges ts  t h a t  t he  he igh t  of i s o l a t e d  su r f ace  excres-  
cences should be we l l  below 50 p e r  c e n t  of t he  l o c a l  displacement th ickness  of  
t h e  boundary l a y e r  where suc t ion  i s  appl ied .  

D i s t r i bu ted  s u c t i o n  i s  the  i d e a l  s o l u t i o n  from an aerodynamic p o i n t  of 
view, s i n c e  it avoids  l o c a l i z e d  reduct ion  of  boundary l a y e r  th ickness  due t o  
suc t ion ,  b u t  it is  the  most d i f f i c u l t  method i n  p r a c t i c e .  

Closely spaced rows of spanwise s i n k s  o f f e r  t h e  b e s t  compromise. 

The aerodynamic design should t ake  i n t o  account the  ex i s t ence  of two 
c r i t i c a l  l i m i t s  f o r  t h e  boundary l a y e r  t h i ckness  wi th  appl ied  suc t ion .  The 
upper l i m i t  i s  b e s t  def ined  by a  c r i t i c a l  value of  momentum th ickness  RC)crit 
and the  lower one by a  c r i t i c a l  r a t i o  of displacement th ickness  and h e i g h t  o f  
s u r f a c e  excrescences.  A conservat ive value f o r  Recrit = 1250, and t h e  sma l l e s t  
displacement t h i ckness  (where suc t ion  i s  app l i ed )  should be more than twice t h e  
he igh t  of a  l o c a l  excrescence.  

Care without  unduly g r e a t  p r a c t i c a l  d i f f i c u l t i e s  i n  product ion and mainte- 
nance should make p o s s i b l e  f l i g h t  with laminar  boundary l a y e r ,  s t a b i l i z e d  by 
suc t ion ,  a t  va lues  of U / V  of the  o r d e r  o f  1 .5  - 2.5 x lo6.  

Cru is ing  i n  t h e  s t r a t o s p h e r e  a t  such va lues  of  U / v  makes p o s s i b l e  the  
a t ta inment  of subsonic Mach numbers. 
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64. Laminar Flow a t  Radle t t .  F l i g h t  I n t . ,  vo l .  69, no. 2464, Apr. 13,  1956, 
pp. 411-412. 

A d i scuss ion  of Handley Page 's  work i n  t he  f i e l d  of laminar-flow research  
inc ludes  a  d e s c r i p t i o n  of t e s t s  made on the  D.H.113 ("Vampire Night F igh te r " )  
beginning i n  1953. The r e s u l t s  agreed wi th  t h e  expec ta t ions  of M r .  Lachmann. 
I t  i s  concluded t h a t  boundary l a y e r  c o n t r o l  w i l l  prove most e f f e c t i v e  f o r  use 
on f u t u r e  long-range t r a n s p o r t s .  

65. Lachmann, Gustav Vic tor ,  ed.:  Boundary Layer and Flow Control ,  I t s  
P r i n c i p l e s  and Applicat ion.  Volume 2. Pergamon Press ,  1961. 

66. Edwards, Brian:  Laminar Flow Control  - Concepts, Experiences,  Specula- 
t i o n s .  Spec ia l  Course on Concepts f o r  Drag Reduction, AGARD-R-654, 
June 1977, pp. 4-1 - 4-41. 



The twin concepts  of  laminar flow c o n t r o l  by suc t ion ,  and of  propuls ion  by 
r e s t o r i n g  t h e  momentum of  t h e  sucked mass flow a r e  descr ibed .  An account  i s  
given of  t h e  progress  of some work r e l a t i n g  t o  laminar flow c o n t r o l ,  Doubts 
about  t h e  p r a c t i c a l  a p p l i c a t i o n  of laminar flow c o n t r o l  a r e  a i r e d  and t h e  
reasons why t h e  work was n o t  continued a r e  b r i e f l y  d i scussed .  The view is  
expressed t h a t ,  d e s p i t e  t h e  r e c e n t  r a p i d  r i s e  i n  t h e  p r i c e  o f  f u e l ,  f u t u r e  
p rospec t s  f o r  t he  a p p l i c a t i o n  of laminar flow c o n t r o l  a r e  s t i l l  unce r t a in .  

Author 
A v a i l a b i l i t y :  

N77-32095 

67. Head, M.  R . ;  Johnson, D . ;  and Coxon, M . :  F l i g h t  Experiments on Boundary- 
Layer Control  f o r  Low Drag. R. & M. No. 3025, B r i t i s h  A.R.C., Mar. 
1955. 

This  r e p o r t  d e s c r i b e s  t h e  f i r s t  phase o f  a s e r i e s  o f  f l i g h t  experiments  on 
main ta in ing  laminar  boundary l a y e r s  by means of suc t ion .  The experiments were 
performed on a Vampire a i r c r a f t  t o  which a s u c t i o n  s l eeve  had been f i t t e d  over 
p a r t  o f  t he  upper su r f ace  of t h e  wing. The r e s u l t s  p resen ted  were ob t a ined  i n  
the pe r iod  August, 1953, t o  March, 1954. 

Tes t s  w e r e  made wi th  d i s t r i b u t e d  suc t ion  app l i ed  t o  a short-span s l e e v e  
f i t t e d  t o  t h e  upper su r f ace  of  t h e  wing. Full-chord laminar flow was maintained 
up t o  Reynolds numbers i n  t he  reg ion  o f  29 m i l l i o n  and Mach numbers up t o  0.70, 
which was very nea r ly  t h e  c r i t i c a l  Mach number of  t h e  s leeve  s e c t i o n .  The suc- 
t i o n  q u a n t i t i e s  r equ i r ed  were s u f f i c i e n t l y  smal l  t o  r e s u l t  i n  o v e r a l l  reduc t ions  
i n  p r o f i l e  d r ag  o f  between 70 and 80 p e r  c e n t ,  account be ing  taken o f  t h e  power 
r equ i r ed  f o r  s u c t i o n .  D i f f i c u l t i e s  were experienced due t o  su r f ace  roughness, 
and al though these  a r e  be l i eved  t o  have r e s u l t e d  l a r g e l y  from t h e  p a r t i c u l a r  
type of  porous covering used i n  t he  t e s t s ,  t h e  problem of main ta in ing  a s u f f i -  
c i e n t l y  smooth and c lean  su r f ace  i s  e v i d e n t l y  o f  c r u c i a l  importance t o  f u l l -  
s c a l e  a p p l i c a t i o n .  

Author 
A v a i l a b i l i t y :  

N78-78484 
N-38562X 

68. Pfenninger ,  W .  (P. B.  E. Engler ,  t r a n s l . ) :  On Some Recent Resu l t s  i n  the  
F i e l d  of  Boundary Layer Aspi ra t ion  f o r  Reta in ing  Laminar Flow a t  High 
Reynolds Numbers. L ibr .  Trans l .  No. 1100, B r i t i s h  R.A.E., Mar. 1965. 

The p r e s e n t  techniques f o r  laminar boundary l a y e r  c o n t r o l  a r e  considered 
from both t h e  wind tunne l  and f l i g h t  a spec t s .  Various parameters  a r e  d i scussed ,  
inc lud ing  t h e  e f f e c t s  of t h e  number o f  s l i t s  and t h e i r  f i nenes s ,  t h e  s t a b i l i t y  
c r i t e r i o n  i n  t he  boundary l a y e r ,  t he  i n f luence  of  Mach No. and t h e  problems of 
wing/body junc t ions .  The p r a c t i c a l  a p p l i c a t i o n  of  t he  system i s  eva lua t ed .  

Author 
A v a i l a b i l i t y :  

N65-27224 



69. S c h l i c h t i n g ,  Hermann: Absaugung i n  d e r  Aerodynamik. Jahrb .  1956 WGL, 
F r i ed  R. Vieweg & Sohn, c.1956, pp. 19-29. 

I t  i s  concluded t h a t  by us ing  suc t ion  t h e  boundary l a y e r  on an a i r f o i l  can 
be k e p t  laminar  up t o  very high Reynolds numbers with a corresponding r educ t ion  
i n  drag .  Continuous d i s t r i b u t e d  suc t ion  through t h e  porous su r f ace  proved t h e  
on ly  e f f e c t i v e  way t o  s ecu re  t h i s .  The p o s s i b l e  reduc t ion  i n  f r i c t i o n a l  d rag  
could  be up t o  50% o r  more. The b a s i c  t h e o r e t i c a l  knowledge of  t h i s  e f f e c t  
came from German work done du r ing  World War 11. 

A v a i l a b i l i t y  : 
CN-65 75 1 

70. Van N e s ,  W. : Summary of  Experimentally Determined Fac t s  Concerning t h e  
Behavior o f  t h e  Boundary Layer and Performance of  t h e  Boundary Layer 
Measurements During F l i g h t .  NASA TM-75270, 1978. 

The a r t i c l e  i s  a summary r e p o r t  o f  boundary l a y e r  s t u d i e s  c a r r i e d  o u t  by 
t h e  Engineer ing Of f i ce  f o r  Lightweight Cons t ruc t ion  and Flow Technology, 
Duisburg, i n  conjunc t ion  wi th  t h e  I n s t i t u t e  f o r  S a i l i n g  F l i g h t  Research, 
F re ibu rg  i m  Brsg. Pre l iminary  r e s u l t s  of  experimental  measurements show t h a t :  
( a )  a very t h i n  l a y e r  ("0.4 mm) of  t h e  boundary l a y e r  seems t o  be  acce l e r a t ed ;  
(b) t h e  s t a t i c  p r e s su re  of  t h e  o u t e r  flow does n o t  remain e x a c t l y  cons t an t  
through t h e  boundary l a y e r ;  ( c )  an oncoming boundary l a y e r  which a l r eady  turbu-  
l e n t  a t  t h e  s u c t i o n  p o i n t  can aga in  become laminar  behind t h i s  p o i n t  wi thout  
be ing  completely sucked o f f .  

Author 
A v a i l a b i l i t y :  
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71. Smith, A. M. 0. : F e a s i b i l i t y  Report - Laminar-Boundary-Layer Cont ro l .  
Rep. No. ES 26353 (Cont rac t  NOas 54-773c), Douglas A i r c r a f t  Co., I nc . ,  
J u l y  31, 1956. (Avai lable  from DDC a s  AD 148 307.) 

The c r i t i c a l  problems of  laminar  boundary l a y e r  c o n t r o l  a r e :  pumping, 
f a b r i c a t i o n ,  and roughness.  The out look f o r  t h e  f i r s t  two i s  f avo rab l e ,  b u t  
s t u d i e s  concerning the  t h i r d  i n d i c a t e  t h a t  t h e  roughness pe rmis s ib l e  f o r  a lami- 
n a r  boundary l a y e r  i s  e x t r a o r d i n a r i l y  smal l .  While t h e  smoothness requirement  
may u l t i m a t e l y  be  met, i t  i s  s o  s t r i n g e n t  t h a t  t h i s  c o n t r a c t o r  b e l i e v e s  any con- 
s i d e r a t i o n  of  laminar  boundary l a y e r  c o n t r o l  f o r  s e r v i c e  a i r c r a f t  i s  unwarranted 
u n t i l  o p e r a t i o n a l  experience i s  accumulated on a s p e c i a l l y  instrumented a i r c r a f t  
t o  l e a r n  t h e  d i f f i c u l t i e s  o f  main ta in ing  n a t u r a l  laminar  flow dur ing  ope ra t i on  
under s imula ted  s e r v i c e  cond i t i ons .  A p l a s t i c  "veneer" i s  suggested a s  a means 



f o r  a t t a i n i n g  t h e  necessary  su r f ace  smoothness. I f  t he se  r e s u l t s  a r e  f avo rab l e ,  
t he  remaining problems of laminar  boundary l a y e r  c o n t r o l  probably can be so lved .  
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A v a i l a b i l i t y :  
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72. Schmued, Edgar: Progress  i n  Low Drag Boundary-Layer Control .  Aeronaut. 
Eng. Rev., v o l .  16 ,  no. 3 ,  Mar. 1957, pp. 34-36. 

Review of  experiments done i n  t h e  a p p l i c a t i o n  of  boundary-layer c o n t r o l  f o r  
d rag  reduc t ion ,  and d i scus s ion  o f  t he  r e s u l t i n g  ga in  i n  performance f o r  long- 
range a i r p l a n e s .  

73. Braslow, A l b e r t  L. ; and Muraca, Ralph J. : A Perspec t ive  o f  Laminar-Flow 
Cont ro l .  AIAA Paper 78-1528, Aug. 1978. 

A h i s t o r i c a l  review of  t h e  development o f  laminar  flow c o n t r o l  technology 
i s  p re sen t ed  wi th  r e f e r ence  t o  a c t i v e  laminar boundary-layer c o n t r o l  through 
s u c t i o n ,  t h e  use of  mu l t i p l e  suc t ion  s l o t s ,  wind-tunnel t e s t s ,  continuous suc-  
t i o n ,  and spanwise contamination. The ACEE laminar  flow c o n t r o l  program i s  out-  
l i n e d  n o t i n g  t h e  development of  three-dimensional boundary-layer codes,  c ru i s e -  
no i se  p r e d i c t i o n  techniques,  a i r f o i l  development, and leading-edge reg ion  
c lean ing .  A t t en t ion  is given t o  glove f l i g h t  t e s t s  and t h e  f a b r i c a t i o n  and 
t e s t i n g  of wing box des igns .  

A v a i l a b i l i t y :  
A78-46503 

74. Northrop 's  LFC. F l i g h t ,  vo l .  78, no. 2701, Dec. 16 ,  1960, p .  957. 
( I l l u s t r a t i o n  i n  F l i g h t ,  vo l .  79, no. 2726, June 8 ,  1961, p .  805.) 

This  a r t i c l e  b r i e f l y  summarizes t he  r e s u l t s  of  t h e  p a s t  12 yea r s  of  
Northrop r e sea rch  under W. Pfenninger .  Northrop 's  con t r ibu t ion  t o  low-drag, 
laminar flow BLC i s  t o  be app l i ed  t o  two t e s t  a i r c r a f t  f o r  t h e  USAF. This  pro- 
posa l  i s  b r i e f l y  d i scussed .  It involves  modi f ica t ion  o f  Douglas WB-66Ds. The 
new suc t ion  wing w i l l  be cons iderab ly  l a r g e r  than  t h e  p r e s e n t  one, P r a t t  & 

Whitney TF33 f ans  w i l l  r ep l ace  t he  J71s of  t h e  B-66, and a suc t ion  power system 
w i l l  be added. 

75. Pfenninger ,  W . :  Recent Developments i n  t h e  F i e l d  of Low Drag Boundary 
Layer Suc t ion  Research. AGARD Rep. 262, 1960. 

E a r l i e r  low-drag suc t ion  experiments c a r r i e d  o u t  by t h e  au thor  on laminar  
suc t ion  wings had v e r i f i e d  fu l l -chord  laminar flow and low-wing p r o f i l e  d rags  
wi th in  c e r t a i n  ranges of wing chord Reynolds number and turbulence l e v e l s .  This 
Report de sc r ibes  subsequent experiments c a r r i e d  o u t  t o  determine t h e  behavior  of  



l m i n a r  suc t ion  wings a t  a  much reduced turbulence  l e v e l  corresponding t o  f l i g h t  
cond i t i ons .  These experiments v e r i f i e d  t h a t  much h igher  Reynolds numbers can be  
achieved wi th  f  u l l -chord  laminar flow i f  e x t e r n a l  d i s tu rbances  such a s  t u rbu lence ,  
e t c . ,  a r e  minimized. Also d i scussed  a r e  va r ious  p r a c t i c a l  suc t ion  methods f o r  
ach iev ing  fu l l - cho rd ,  o r  almost fu l l -chord ,  laminar flow i n  f l i g h t .  

Author 
~ v a i l a b i l i t y  : 

N78-78472 
N-10 3,364 

76. Pfenninger ,  W . ;  and Bacon, J. W . ,  Jr . :  About t h e  Development o f  Swept 
Laminar Suct ion Wings With F u l l  Chord Laminar Flow. Boundary Layer and 
Flow Cont ro l ,  Volume 2,  G. V. Lachmann, ed . ,  Pergamon P re s s ,  1961, 
pp. 1007-1032. 

This paper  i s  concerned wi th  t h e  f e a s i b i l i t y  of f u l l  chord laminar flow, 
achieved by boundary l a y e r  s u c t i o n ,  on swept wings under crossf low cond i t i ons  
a t  h igh  wing chord Reynolds numbers. Theo re t i ca l  and experimental  r e s u l t s  a r e  
compared. Resu l t s  of  t e s t s  a r e  eva lua ted  and t h e  necessary  chordwise s u c t i o n  
d i s t r i b u t i o n  was determined from c a l c u l a t i o n s  of  t he  development and s t a b i l i t y  
o f  t h e  laminar boundary l a y e r .  

77. Gasich, Welko E.: Laminar Flow Control .  S h e l l  Aviat ion N e w s ,  no. 282, 
1961, pp. 15-19. 

A b r i e f  d e s c r i p t i o n  is  given of  Northrop 's  LFC program which began i n  1949. 
The o b j e c t  of  t h e  program was t o  i nc rease  t h e  c r u i s e  performance by the  use of  
LFC t o  reduce t h e  drag.  The t e s t  a i r c r a f t  and t e s t s  a r e  desc r ibed  and it i s  
concluded t h a t  a t u r b o j e t  t r a n s p o r t  with LFC can be made and opera ted  wi th  
advantages ove r  convent ional  type a i r p l a n e s .  Also, ope ra t i ng  c o s t s  can be 
decreased  by inco rpo ra t i ng  LFC i n t o  f u t u r e  subsonic  and supersonic  t r a n s p o r t  
des ign .  

78. Schulz ,  R. W .  : Ein v o l l  l a m i n a r i s i e r t e r  ~ b s a u g e f l ~ g e l .  Lu f t f ah r t t echn ik  
Raumfahrttechnik, vo l .  9 ,  no. 9 ,  Sept .  1963, pp. 262-264. 

Discussion of a  wing des ign  which uses  a  sandwich double o u t e r  s k i n  wi th  a  
spanwise system of s l i t s  and h o l e s  uniformly d i s t r i b u t e d  over  t h e  e n t i r e  wing 
s u r f a c e  t o  provide  h igh ly  e f f i c i e n t  boundary l a y e r  c o n t r o l .  Each a i r c r a f t  wing 
has  a  s epa ra t e  suc t ion  device below t h e  wing, i nco rpo ra t i ng  tu rb ine-dr iven  low- 
and high-pressure compressors. S t r u c t u r a l  d e t a i l s  o f  t he  wing a r e  descr ibed  
and i l l u s t r a t e d .  

A v a i l a b i l i t y  : 
A64-11966 

79. P l a t t n e r ,  6. M.: X-21 Tes ts  Laminar Flow Control  Theory. Aviat.  Week & 

Space Technol , ,  vo l .  78, no. 25, June 24, 1963, pp. 52-53, 57, 61-62. 



Discussion of  t h e  Northrop X-21A re sea rch  a i r c r a f t ,  t h e  wing-pods o f  which 
conta in  s u c t i o n  compressors by means of which a i r  from t h e  wing s u r f a c e s  is 
drawn through sl i ts  t o  smooth t u r b u l e n t  flow over  t he  wing. Tes t s  i n d i c a t e  t h a t  
app l i ca t i on  o f  a  laminar flow c o n t r o l  (LFC) system t o  a Norair  CX-4 proposed 
long-range t u r b o j e t  t r a n s p o r t ,  wi th  a 21- f t -d im.  fuse lage  and P r a t t  and Whitney 
JT-3D-8A engines ,  would r e s u l t  i n  a  reduc t ion  i n  power requirements  by about  
one - f i f t h .  Wind-tunnel t e s t s  i n d i c a t e  t h a t  t h e  use of  LFC w i l l  reduce p r o f i l e  
d rag  by a  f a c t o r  of  30. 

A v a i l a b i l i t y  : 
863-1835 7 

80. WB-66D + LFC = X-21. West. Aerosp.,  v o l .  43, Feb. 1963, pp. 14-15, 17. 

Br ie f  d e s c r i p t i o n  o f  t h e  Northrop X-21 a i r c r a f t ,  a  WB-66D reconnaissance 
a i r c r a f t  modified f o r  laminar  flow c o n t r o l  (LFC) t e s t  f l i g h t s .  The boundary- 
l a y e r  suc t ion  system e l i m i n a t e s  up t o  80% of t h e  f r i c t i o n  drag  a t t r i b u t e d  t o  
t u r b u l e n t  flow of  a i r  over  wing s u r f a c e s ,  and i s  achieved wi th  23,600 f t  o f  
t i n y  s l o t s  i n  t he  wing cover sk ins .  The almost  i n v i s i b l e  slits, ex tending  span- 
w i s e  a long t h e  wing s u r f a c e  from t h e  fuse lage  t o  t h e  t i p ,  l e ad  i n t o  plenum 
chambers. A suc t ion  compressor s iphons t h e  a i r  through t h e  s l o t s  i n t o  t h e s e  
chambers, then through ho le s  i n t o  p l a s t i c  t r i b u t a r y  duc t s  l e ad ing  i n t o  wing 
passages.  This  flow of  a i r  i s  f i n a l l y  expe l l ed  rearward by t h e  compressors a s  
augmented t h r u s t  (es t imated  a t  500 t o  600 l b )  . 
A v a i l a b i l i t y :  

A63-12970 

81. Antonatos, P h i l i p  P . ;  Nenni, Joseph P . ;  and Mueller,  Roland X . :  Summary 
of Laminar Flow Control  Techniques f o r  A i r c r a f t .  ASD-TDR-63-689, U.S .  
A i r  Force,  Sept .  1963. ( ~ v a i l a b l e  from DDC a s  AD 434 841.) 

From t h e  f i r s t  aerodynamic i n v e s t i g a t i o n s  t h a t  proved t h e  e x i s t e n c e  o f  a  
viscous l a y e r  of f l u i d  over  a  wing s u r f a c e ,  it was shown t h a t  t he  pena l ty  i n  
terms o f  s k i n  f r i c t i o n  drag  and r e s u l t i n g  power requirements  f o r  c r u i s e  w a s  a  
high percentage of t h e  t o t a l  d rag  of  an a i r c r a f t .  E f f i c i e n t  means were sought  
f o r  reducing t h e  magnitude of  t h i s  d rag  by a t  l e a s t  p revent ing  t u r b u l e n t  flow 
condi t ions  from e x i s t i n g  on the  wing su r f aces .  With t h e  advent  o f  t h e  j e t  
engine it became p o s s i b l e  t o  e f f i c i e n t l y  provide a  means of suc t ion  t o  c o n t r o l  
the  boundary l a y e r  on the  su r f aces  t h a t  would o f f e r  p r a c t i c a l l y  no weight 
pena l ty .  Fu r the r  research  showed t h e  f e a s i b i l i t y  o f  us ing  f i n e  s l o t s  versus  a  
d i s t r i b u t e d  suc t ion  technique.  A s  a  r e s u l t ,  a  program t o  modify t h e  e n t i r e  wing 
assembly of  a  B-66 was i n i t i a t e d  t o  i nco rpo ra t e  t h i s  new p r i n c i p l e  and prove t h e  
p r a c t i c a l  f e a s i b i l i t y  of  laminar flow c o n t r o l .  Design cons ide ra t i ons  of  t h i s  
app l i ca t i on  a r e  reviewed. 
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82. Kosin, R. E.:  Experiences With Laminarizat ion by Suc t ion  on a  Sweptback 
Airp lane .  Northrop paper  p re sen t ed  a t  Wissenschaf t l i che  f u r  Luft-und 
Raumfahrt and Deutsche G e s e l l s c h a f t  f u r  Raketentechnik und 
Raumfahrtforschung ( B e r l i n ) ,  Sep t .  14-18, 1964. 

Advances i n  boundary-layer c o n t r o l  theory  and p r a c t i c e ,  i nc lud ing  an 
account  of t h e  development of  t h e  X-21. A s  e a r l y  a s  1940, it was recognized 
t h a t  t u r b u l e n t  flow and flow sepa ra t i on  of  a i r  a c ros s  an a i r f o i l  r e s u l t e d  i n  
major i n c r e a s e s  i n  f r i c t i o n  d rag  c o e f f i c i e n t .  Ea r ly  a t t empt s  t o  achieve lami- 
n a r i z a t i o n  by modifying a i r f o i l  shapes proved t o  be imprac t i cab l e ,  b u t  a t tempts  
t h a t  employed s u c t i o n  ( r a t h e r  than  shape modi f ica t ion)  succeeded i n  reducing 
d r a g  by 32% i n  one case  and by 70% i n  another .  Work on boundary-layer develop- 
ment on swept laminar  s u c t i o n  wings by Gray, Owen, and Randal l ,  by Brown, by 
Pfenninger ,  and by Raetz i s  descr ibed .  Two X-21 a i r c r a f t  have been cons t ruc t ed  
t o  i n v e s t i g a t e  f u l l - s c a l e  e f f e c t s  t h a t  a r e  d i f f i c u l t  t o  s tudy  on wind-tunnel 
models. F l i g h t  exper iences  with t h e  X-21 a r e  s a i d  t o  have gene ra l l y  confirmed 
s u c t i o n  q u a n t i t y  c a l c u l a t i o n s ,  b u t  a  number of  problems have been posed such a s  
t h e  e x i s t e n c e  of  tu rbulence  a t  t h e  at tachment  l i n e ,  v a r i a t i o n s  i n  boundary- 
l a y e r  t h i cknes s ,  and d is turbance  propagat ion t h a t  i s  independent of boundary- 
l a y e r  t h i cknes s .  

A v a i l a b i l i t y :  
A65-11645 

83.  Kosin, Ruediger E.: Laminar Flow Control  by Suct ion a s  Applied t o  t h e  
X-21A Airp lane .  J. A i r c r . ,  v o l .  2, no. 5 ,  Sept.-Oct. 1965, pp. 384-390. 
(Also a v a i l a b l e  a s  AIAA Paper 64-284.) 

Discussion of  t h e  a p p l i c a t i o n  of laminar  flow c o n t r o l  on a  wing wi th  30° 
sweep and about  30 x l o 6  Reynolds number under c r u i s e  condi t ion .  The wing, wi th  
an a r e a  o f  1250 f t 2 ,  i nco rpo ra t e s  narrowly spaced f i n e  laminar  f low-control  
s u c t i o n  s l o t s .  The boundary-layer a i r  is  removed by s u c t i o n  compressors from 
t h e  wing su r f ace  by about  120 s l o t s  on t h e  upper and 120 s l o t s  on t h e  lower 
s u r f a c e .  S l o t s  vary i n  width from 0.0035 t o  0 .01 i n .  and d ischarge  through 
48 c o l l e c t o r  duc t s  i n t o  t h e  suc t ion  compressors. The i n s t a l l a t i o n  of  t h e  suc- 
t i o n  n a c e l l e s  a t  about  1/3 half-span pe rmi t s  t h e  c o l l e c t o r  d u c t s  t o  be r e l a -  
t i v e l y  s h o r t  and t h e  duc t  v e l o c i t i e s  low. I t  a l s o  permi ts  s e p a r a t e  adjustment  
of  t h e  suc t ion  q u a n t i t i e s  f o r  t h e  inboard and outboard wing. The r e s u l t s  of  t h e  
performance a n a l y s i s ,  i nc lud ing  wing c h a r a c t e r i s t i c s ,  a r e  p re sen t ed  i n  t h e  form 
of  graphs.  

A v a i l a b i l i t y  : 
A65-34377 
A64-20460 

84. Recent Developments i n  Boundary Layer Research - P a r t  I V .  AGARDograph 97 ,  
May 1965. 

Pfenninger ,  W . :  Some Resu l t s  From the  X-21 Program. P a r t  I - Flow 
Phenomena a t  t he  Leading Edge of Swept Wings. 



After  d i s cus s ing  t h e  d i scovery  of  t h e  e x i s t e n c e  of  t u r b u l e n t  flow a t  t h e  
l ead ing  edge of  t he  X-21 wing during the  e a r l y  phase of  t h e  f l i g h t  experiments 
var ious  methods a r e  desc r ibed  which r e e s t a b l i s h  laminar flow a t  t h e  f r o n t  
a t tachment  l i n e  of  swept wings. Boundary l a y e r  suc t ion  a t  t h e  wing l ead ing  
edge f o r  example through v e r t i c a l  nose s l o t s  was p a r t i c u l a r l y  e f f e c t i v e  i n  
e s t a b l i s h i n g  a  laminar  a t tachment  l i n e  boundary l a y e r  a t  t h e  l ead ing  edge of  
swept wings. In  o r d e r  t o  e s t a b l i s h  an undis turbed  laminar  a t tachment  l i n e  
boundary l a y e r  on swept wings it is  e s s e n t i a l  t o  minimize d i s tu rbances  which 
may cause t u r b u l e n t  b u r s t s  a t  t h e  f r o n t  a t tachment  l i n e ,  and t o  reduce t h e  
boundary l a y e r  momentum l o s s  Reynolds number Re a t  t h e  f r o n t  a t tachment  l i n e  
t o  s u f f i c i e n t l y  low va lues  ( R e  5 150 f o r  smooth l ead ing  edge, Re 5 90 t o  100 
wi th  l a r g e  l ead ing  edge roughness) .  Re a t  t h e  f r o n t  a t tachment  l i n e  of  swept 
wings can be  reduced t o  such low va lues  by means o f  boundary l a y e r  suc t ion  
a long  t h e  wing l ead ing  edge,  f o r  example through v e r t i c a l  nose s l o t s ,  o r  by 
reducing t h e  l ead ing  edge r a d i u s ,  o r  a  combination of  both methods. Wind 
tunne l  experiments on a  swept low drag  suc t ion  wing i n  low turbulence  t unne l s  
a s  we l l  a s  on t h e  X-21 i n  f l i g h t  have v e r i f i e d  ex t ens ive  laminar  flow up t o  
r a t h e r  high length  Reynolds numbers when an undis turbed  laminar s t a g n a t i o n  l i n e  
boundary l a y e r  had been e s t a b l i s h e d  by t h e  above descr ibed  methods. 

Author 

Fowell, L. R . ;  and Antonatos,  P. P. :  Some Resu l t s  From t h e  X-21A Program. 
P a r t  2 :  Laminar Flow Control  F l i g h t  Tes t  Resu l t s  on t h e  X-21A. 

F u l l  s c a l e  subsonic  f l i g h t  t e s t s  have been made s i n c e  t he  summer o f  1963 
wi th  t he  X-21A laminar  flow c o n t r o l  r e sea rch  a i r c r a f t  having swept,  s l o t t e d  
s u c t i o n  wings. Resu l t s  have been obta ined  concerning t h e  s t a b i l i t y ,  t r a n s i t i o n  
and s t a b i l i z a t i o n  of  t h e  boundary l a y e r s  over  t h e  wings under adverse i n f luences  
such a s  sweep e f f e c t ,  h igh Reynolds numbers, a c o u s t i c  d i s tu rbances ,  su r f ace  
roughness,  pane l  v i b r a t i o n ,  atmospheric p a r t i c l e s  and meteoro logica l  i n f luences .  
Success fu l ,  r epea t ab l e  l amina r i za t i on  with predetermined s u c t i o n  d i s t r i b u t i o n s  
has  been obta ined  a t  chord Reynolds numbers of  20 x lo6 up t o  speeds of M = 0.8 
and a l t i t u d e s  of 40 000 f e e t .  Comparable r e s u l t s  a t  chord Reynolds numbers of 

6  30 x 10 and 40 x l o 6  a r e  now being sought  wi th  i n v e s t i g a t i o n s  cen t e r ing  on 
spanwise t u r b u l e n t  contamination along t h e  wing l ead ing  edge and t h e  p o s s i b l e  
e f f e c t s  of i n t e r n a l  no i se  from t h e  wing s u c t i o n  duc t ing  and pumping system. 

Author 

Groth, E .  E.; P a t e ,  S. R . ;  and Nenni, J. P. :  Laminar Flow Control  a t  
Supersonic  Speeds. 

Wind tunne l  t e s t s  were conducted i n  t h e  40 inch  supersonic  wind tunne l  a t  
t h e  Arnold Engineer ing Development Center ,  Tennessee, f o r  t he  purpose of  main- 
t a i n i n g  laminar  flow a t  high Reynolds numbers by means of boundary l a y e r  suc-  
t i o n .  Length Reynolds numbers wi th  laminar flow of  t he  o r d e r  of  20 - lo6  were 
ob ta ined  i n  s t r a i g h t  and swept wing models a t  Mach numbers between 2.0 and 3.5.  
A 6 .5  f o o t  long  body of  r evo lu t ion  provided a  maximum length  Reynolds number 
with f u l l  laminar  flow of  5 1  - l o 6  a t  M = 3.0. The eva lua ted  drag  c o e f f i -  
c i e n t s ,  which inc luded  a  term corresponding t o  t h e  power requirements  f o r  
s u c t i o n ,  were 60 t o  80% Lower than t h e  f r i c t i o n  c o e f f i c i e n t s  of a t u r b u l e n t  
f l a t  p l a t e  a t  the  same Mach and Reynolds numbers. Laminar flow c o n t r o l  had a 



favorable  e f f e c t  on the  i n t e r a c t i o n  with an impinging shock wave s n  t h e  sense 
t h a t  it delayed t h e  beginning of boundary l a y e r  separa t ion  and t r a n s i t i o n  t o  
t u r b u l e n t  flow t o  h igher  shock i n t e n s i t i e s .  

Author 
A v a i l a b i l i t y :  

N65 -24864 

85. Laminar Flow Control  Prospec ts .  Astronaut .  & Aeronaut., vo l .  4 ,  no. 7 ,  
J u l y  1966, pp. 30-62. 

Goethert ,  Bernhard: Toward Long-Range A i r c r a f t  With Laminar Flow Control .  

Von Karman's concept o f  boundary l a y e r  c o n t r o l  t o  i nc rease  the  performance 
of a i r c r a f t ,  e s p e c i a l l y  with r e s p e c t  t o  range and economy of ope ra t ion ,  has  
shown a f t e r  app ropr i a t e  exp lo ra t ion  t h a t  f r i c t i o n  drag can be reduced t o  1/4 
o r  1/5 o f  i t s  normal value.  

I n  t he  20 yea r s  s i n c e  t h e  von Karman work Laminar Flow Control (LFC) has 
emerged with g r e a t  promise of improvement f o r  subsonic a i r c r a f t  performance. 

The fol lowing a r t i c l e s  summarize t h e  p r e s e n t  (1966) s t a t e  of t he  a r t  o f  
LFC research  and technology and i n d i c a t e  t h a t  ranges i n  excess  of 8000 n a u t i c a l  
mi l e s  now become f e a s i b l e .  

Antonatos, P. P . :  Laminar Flow Control  - Concepts and Appl ica t ions .  

Br ie f  d i scuss ion  o f  developments which proved the  t echn ica l  f e a s i b i l i t y  of 
laminar  flow c o n t r o l  (LFC). it i s  noted t h a t  t o  d a t e  experimental  f l i g h t  
r e s u l t s  have shown t h a t  LFC i s  t e c h n i c a l l y  f e a s i b l e ,  and t h a t  it remains t o  be 
shown t h a t  t h i s  p r i n c i p l e  i s  o p e r a t i o n a l l y  f e a s i b l e  f o r  a c t u a l  f l i g h t  rou te s  and 
maintenance procedures  a s  conducted by us ing  agencies .  In  a d d i t i o n  t o  i t s  use 
f o r  l o g i s t i c s  a p p l i c a t i o n s ,  LFC o f f e r s  poss ib l e  a i r c r a f t  performance b e n e f i t s  i n  
i nc reased  endurance, l o i t e r  t ime, and c r u i s e  a l t i t u d e .  This makes LFC an 
a t t r a c t i v e  cons idera t ion  f o r  such multipurpose a i r c r a f t  missions a s  e a r l y  warn- 
i ng ,  a i rborne  communications c e n t e r s ,  and a i rborne  defense systems. 

Whites, R. C . ;  Sudderth,  R. W . ;  and Wheldon, W .  G . :  Laminar Flow Control 
on the  X-21. 

Discussion of r e s u l t s  from f l i g h t - t e s t i n g  the  laminar flow c o n t r o l  (LFC) 
system on the  X - 2 1  a i r c r a f t .  I t  i s  concluded t h a t  (1) t h e  a t ta inment  of  low 
drag  a t  l eng th  Reynolds numbers t o  t he  o rde r  of 47 mi l l i on  demonstrates t he  
t e c h n i c a l  f e a s i b i l i t y  of laminar  flow f o r  a i r c r a f t  a s  l a r g e  a s  any of t h e  p re s -  
e n t l y  planned l o g i s t i c  types ,  ( 2 )  repea ted  f l i g h t  demonstrations of p red ic t ed  
performance i n d i c a t e  s a t i s f a c t o r y  LFC design and a n a l y s i s  techniques,  (3)  LFC 
causes no adverse o r  unusual handl ing c h a r a c t e r i s t i c s  and r e q u i r e s  no new p i l o t  
s k i l l s ,  (4)  an LFC a i r c r a f t  can maneuver a s  normally requi red  f o r  l a r g e  t r a n s -  
p o r t s  under a i r  t r a f f i c  c o n t r o l  wi thout  l o s s  of laminar a r e a ,  (5)  proximity t o  
o r  e n t r y  i n t o  clouds o r  atmospheric turbulence degrades laminar performance, 
( 6 )  laminar flow t o l e r a t e s  normal v a r i a t i o n s  i n  chordwise suc t ion  d i s t r i b u t i o n ,  



a l t i t u d e ,  a i r speed ,  and l i f t  c o e f f i c i e n t ,  and ( 7 )  p r a c t i c a l  manufacturing tech-  
niques meet design c r i t e r i a  covering su r f ace  i r r e g u l a r i t i e s .  

Pfenninger ,  Werner; and Reed, Verl in  D.  : Laminar-Flow Research and 
Experiments, 

Discussion of the  c r i t i c a l  parameters and flow c h a r a c t e r i s t i c s  o f  swept 
wings with fu l l -chord  laminar flow, and examination o f  s p e c i a l  cons ide ra t ions  
introduced by d is turbances  imposed on t h e  boundary l a y e r .  S i g n i f i c a n t  answers 
provided by experiments a t  high Reynolds numbers t h a t  a r e  important  f o r  l a rge -  
s c a l e  e f f e c t s  a r e  reviewed. 

Nenni, Joseph P . ;  and Gluyas, George L . :  Aerodynamic Design and Analysis  
of an LFC Surface.  

Discussion of t he  p o s s i b i l i t y  of determining empi r i ca l ly  pe rmis s ib l e  
degrees of i n s t a b i l i t y  t o  serve  a s  design c r i t e r i a  f o r  maintaining laminar flow, 
by means of c a r e f u l  comparison between experiment and theory.  Other aerodynamic 
cons ide ra t ions  t h a t  a l s o  l ead  t o  design c r i t e r i a  f o r  an LFC a i r c r a f t  a r e  t r e a t e d :  
(1) pe rmis s ib l e  su r f ace  roughness, ( 2 )  a c o u s t i c a l  environment on the  su r f ace ,  
(3) a c o u s t i c a l  environment on the  wings, and (4) wing smoothness requirements.  

Chuprun, John; and C a h i l l ,  Jones F.: LFC on Large Log i s t i c s  A i r c r a f t .  

Resul t s  a r e  given of design s t u d i e s  on l a r g e  l o g i s t i c s  a i r c r a f t  which show 
the  p o t e n t i a l  impact of LFC on a i r c r a f t  performance. The s t u d i e s  show t h a t  t he  
optimum LFC a i rp l ane  could r ece ive  range improvement of  20% t o  25% with heavy 
payloads. Long range medium payload a i r p l a n e s  would show even g r e a t e r  
improvement. 

86. Wheldon, W.  G . ;  and Whites, R. C . :  F l i g h t  Tes t ing  of  t h e  X-21A Laminar 
Flow Control Airplane.  AIAA Paper No. 66-734, Sept .  1966. 

Measuring techniques developed and eva lua ted  dur ing  t h e  f l i g h t  t e s t i n g  of  
laminar flow c o n t r o l  on f u l l - s c a l e  swept wings a r e  b r i e f l y  discussed.  The t e s t s  
were conducted u t i l i z i n g  two X-21A a i rp l anes .  Measurements f e l l  i n  two over- 
lapping ca t egor i e s  : (1) the  determinat ion of laminar  and t u r b u l e n t  a r e a s ,  and 
( 2 )  the  d e t e c t i o n  and i d e n t i f i c a t i o n  of  boundary l a y e r  d is turbances .  New o r  
unusual techniques f o r  i n v e s t i g a t i n g  t h e  boundary l a y e r  with common measuring 
systems inc lude :  (I) the  use of s i n g l e  t o t a l -p re s su re  probes spaced along t h e  
wing t r a i l i n g  edge t o  determine the  wing laminar a r e a ,  ( 2 )  determinat ion of wing 
wake drag  from t o t a l  p re s su re  rakes a t  t he  wing t r a i l i n g  edge, (3)  eva lua t ion  of 
flow v i s u a l i z a t i o n  techniques,  and ( 4 )  i n v e s t i g a t i o n  of the  s t a b i l i t y  of t h e  
boundary l a y e r  u t i l i z i n g  p re s su re  t ransducers ,  f l u s h  and probe microphones, h o t  
f i lm  anemometers, h o t  wire anemometers, and r e s i s t a n c e  thermometers. I n  addi-  
t i o n ,  systems have been developed f o r :  sampling ambient p a r t i c l e s ,  measuring 
sur face  s t a t i c  p re s su re s  with stri-p-a-tube, c o n t r o l  of engine compressor noise  
with a t r a n s l a t i n g  i n l e t  p lug ,  genera t ing  and c o n t r o l l i n g  duc t  no ise  l e v e l s  a t  
f i xed  f requencies  o r  over  broad frequency bands; genera t ing  and c o n t r o l l i n g  
sur face  sk in  v ib ra t ion  f requencies  and displacements ,  and measuring very small  



a i r f lows  through f i n e  s l o t s  using a  mobile ground system without  changing t h e  
n a t u r a l  s l o t  in f low.  

Author 
A v a i l a b i l i t y :  

A66 -40625 

87. Pfenninger ,  W . :  Flow Problems of  Swept Low-Drag Suct ion Wings of P r a c t i c a l  
Construct ion a t  High Reynolds Numbers. Ann. N.  Y .  Acad. S c i . ,  vo l .  154, 
a r t .  2 ,  Nov. 22, 1968, pp. 672-703. 

Summary and eva lua t ion  of s t u d i e s  made on swept laminar  suc t ion  wings, 
u s ing  t h e o r e t i c a l  ana lyses  and wind-tunnel experiments.  Resul t s  a r e  r epo r t ed  
i n d i c a t i n g  t h a t ,  i n  o rde r  t o  maintain ful l -chord laminar flow on swept laminar  
s u c t i o n  wings a t  f u r t h e r  increased  wing-chord Reynolds numbers i n  t he  presence 
of  a c o u s t i c  d i s tu rbances ,  amplif ied boundary-layer o s c i l l a t i o n s  should be mini- 
mized by i n c r e a s i n g  the  l o c a l  suc t ion  r a t e s  and approaching a r e a  s u c t i o n  
c l o s e l y ,  p a r t i c u l a r l y  i n  t he  most c r i t i c a l  region of t he  f l a t  p re s su re  d i s t r i -  
bu t ion .  S l o t t e d  laminar suc t ion  s u r f a c e s  should be designed a t  high Reynolds 
numbers f o r  v i scous ,  s teady  slot-wakes, achieved e i t h e r  by keeping Res < 100 
with unsoph i s t i ca t ed  plenum chamber des igns ,  o r  by us ing  shal low plenum chambers 
and two rows of ho le s  l oca t ed  a t  oppos i te  s i d e s  of the  s l o t ,  making consider-  
ab ly  h ighe r  Res poss ib l e .  S tud ie s  of t h e  X-21wing a r e  discussed.  

A v a i l a b i l i t y :  
A69-15557 

88. Smith, A .  M. 0.: A Decade of Boundary-Layer Research. Appl. Mech. Rev., 
vo l .  23, no. 1, Jan.  1970, pp. 1-9. 

Broad review of  research  on boundary l a y e r s  conducted over  t h e  e n t i r e  p a s t  
decade. I t  i s  noted t h a t  an i n t e r e s t i n g  phenomenon known a s  c rossha tch ing  was 
discovered dur ing  t h i s  decade. Under c e r t a i n  reentry- type condi t ions ,  some 
shapes of  m i s s i l e  cones w i l l  a b l a t e  with a  s t r i a t e d  p a t t e r n .  Some of t h e  more 
important  works i n  t he  f i e l d  of  laminar  flows a r e  mentioned t o  show t h e  gene ra l  
s t a t e  o f  development, t oge the r  wi th  works desc r ib ing  fundamental advances i n  t h e  
theory  of  t u r b u l e n t  flow. I t  i s  po in t ed  o u t  t h a t ,  with regard  t o  p r e d i c t i n g  and 
understanding t r a n s i t i o n ,  p rog res s  i n  t he  s i x t i e s  has  n o t  been g r e a t ,  b u t  per -  
haps it has been g r e a t e r  than p rog res s  i n  t he  b a s i c  understanding o f  t u r b u l e n t  
boundary-layer flows. The p a s t  decade has  seen s u b s t a n t i a l  i n v e s t i g a t i o n s  of  
two systems t h a t  o f f e r  r e a l  promise of reducing drag.  One system, laminar flow 
c o n t r o l  (LFC), i s  designed t o  s t a b i l i z e  t h e  boundary l a y e r  by means of suc t ion .  
A second i d e a  t h a t  has rece ived  much a t t e n t i o n  i n  the  l a s t  decade i s  t h a t  o f  
compliant su r f aces .  These a r e  damped e l a s t i c  su r f aces ,  tuned s o  t h a t  t r a n s i t i o n  
is delayed o r  t u r b u l e n t  sk in  f r i c t i o n  reduced, o r  both.  

A v a i l a b i l i t y  : 
A70-2 1040 



89. Summary of Laminar Boundary Layer Control  Research. WADC Tech. 
Rep. 56-111, U . S .  A i r  Force,  Apr. 1957. (Avai lable  from DDC a s  
AD 130 759.)  

This summary r e p o r t  p r e s e n t s  r e s u l t s  of t h e  low drag  suc t ion  inves t i ga -  
t i o n s  which were conducted a t  t h e  Boundary Layer Control  r e sea rch  group a t  
Northrop A i r c r a f t ,  I n c . ,  Hawthorne, C a l i f o r n i a ,  under A i r  Force Cont rac t ,  
Clause 1 (b)  t o  Cont rac t  No. AF33 (616) -205. 

The r e p o r t  covers  r e sea rch ,  i n v e s t i g a t i o n ,  experiments ,  and tests performed 
from September 1952 through August 1955. The e n t i r e  program was conducted and 
t h e  consequent r e p o r t  was prepared  under t h e  d i r e c t i o n  of  t h e  au thor .  Each 
a s s i s t a n t  i s  recognized a s  c o n t r i b u t i n g  au thor  of  t he  app l i cab l e  subsec t ion .  
This document i s  p re sen t ed  a s  a s e r i e s  of  r e p o r t s ,  r e l a t e d  t o  each o t h e r  though 
t r e a t e d  s e p a r a t e l y .  

Sec t ion  I d e s c r i b e s  t h e  r e s u l t s  o f  b a s i c  laminar flow i n v e s t i g a t i o n s  wi th  
and wi thout  boundary l a y e r  c o n t r o l .  Various s u c t i o n  methods f o r  t h e  a p p l i c a t i o n  
of low drag  boundary l a y e r  c o n t r o l  a r e  s tud i ed  and compared. Suc t ion  through a 
l a r g e  number of f i n e  s l o t s  c l o s e l y  approaches continuous suc t ion  and appears t o  
be a promising method f o r  low d rag  s u c t i o n  from the  s t andpo in t  o f  aerodynamics, 
s t r u c t u r e s ,  and manufacturing (Bibl iography References 1 through 5 ) .  With suc- 
t i o n  through ho le s ,  three-dimensional d i s tu rbances  have been observed,  o f t e n  
r e s u l t i n g  i n  premature t r a n s i t i o n  (Bibl iography References 6 through 13) . For 
c e r t a i n  a p p l i c a t i o n s ,  suc t ion  through ho le s  seems reasonably a t t r a c t i v e  e i t h e r  
wi th  a l a r g e  number of  rows of c l o s e l y  spaced ho le s ,  o r  wi th  a very l a r g e  number 
of more o r  l e s s  evenly d i s t r i b u t e d  sma l l e r  ho l e s ,  provided t h e  ho l e s  can be k e p t  
c l ean .  

Resu l t s  of t he  spanwise v a r i a t i o n  of t he  suc t ion  q u a n t i t y  with suc t ion  
through f i n e  s l o t s  and ho le s  underneath t h e  s l o t s  a r e  desc r ibed  i n  t h e  Bib l iog-  
raphy References 14 through 16 and a r e  included i n  Sec t ion  I .  

Closely connected wi th  t he  maintenance of  100% laminar  flow i s  t h e  ques t i on  
concerning t h e  h i g h e s t  t r a n s i t i o n  Reynolds number wi th  laminar  flow. Resul t s  of 
t r a n s i t i o n  experiments i n  t he  i n l e t  l eng th  of laminar flow tubes  a t  high 
Reynolds numbers and low turbulence  a r e  presen ted  i n  t h e  Bibl iography Refer- 
ences  3 and 17 and i n  Sec t ion  I .  Trans i t i on  length  Reynolds numbers of 53 x l o 6  
with continuous laminar  flow and 70 x l o 6  t o  75 x lo6 with i n t e r m i t t e n t  laminar 
and t u r b u l e n t  flow have been observed dur ing  t h e s e  experiments  wi th  a c c e l e r a t e d  
flow. 

Sec t ion  I1 and the  ~ i b l i o g r a p h y  References 18 through 20 desc r ibe  f l i g h t  
low drag  suc t ion  experiments on the  upper su r f ace  on an F-94A wing pane l  wi th  
s u c t i o n  through 12 s l o t s  and through 69 f i n e  s l o t s .  The experience gained from 
the  laminar  flow tube experiments with 80 s l o t s  (Sec t ion  I) was used t o  b u i l d  
t h e  second wing glove a s  a p r a c t i c a l  cons t ruc t ion  pane l  wi th  69 f i n e  s l o t s  wi th  
ho les  underneath t he  s l o t s .  A laminar flow r a t e  of 100% and very low p r o f i l e  
d rags  were achieved i n  f l i g h t  a t  high wing chord Reynolds numbers and u n i t  
l eng th  Reynolds numbers wi th  s u r p r i s i n g l y  l i t t l e  d i f f i c u l t i e s .  Higher wing 
chord Reynolds numbers with a l l  laminar flow and lower drags  were achieved with 
t h e  69-s lo t  p r a c t i c a l  cons t ruc t ion  pane l  than with t h e  I 2 - s l o t  pane l .  



A l l  laminar  flow and very low p r o f i l e  drags have been obta ined  i n  f l ~ g h t  
on a s l i g h t l y  t ape red  s t r a i g h t  wing glove a t  high Reynolds numbers wi th  two d i f -  
f e r e n t  s l o t  arrangements.  Wind tunne l  t e s t s  concerned with t r a n s i t i o n  measure- 
ments on bodies  of  r evo lu t ion  a r e  descr ibed  and the  f i r s t  suc t ion  experiments  
i n  which f u l l  laminar  flow was ob ta ined  on a body of r evo lu t ion  i s  r epo r t ed .  
Bas ic  experiments  i n  a 2-inch and an 8-inch tube with d i f f e r e n t  s u c t i o n  methods, 
f o r  example, s l o t s  and va r ious  ho le  con f igu ra t i ons ,  a r e  descr ibed .  Bas ic  theo-  
r e t i c a l  work was done on a s o l u t i o n  of t h e  boundary l a y e r  equa t ions  f o r  s t r a i g h t  
and swept wings of i n f i n i t e  and f i n i t e  span. Included a l s o ,  i s  an a n a l y s i s  o f  
t h e  s t a b i l i t y  o f  laminar boundary l a y e r s  under crossf low cond i t i ons  by an e x a c t  
s o l u t i o n  of t he  Orr-Sommerfeld d i s tu rbance  equa t ions .  Thermodynamic cyc l e  
s t u d i e s  of p ropuls ion  systems f o r  laminar  flow a i r p l a n e s  a r e  given and the  most 
promising p ropu l s ion  systems d iscussed .  General design cons ide ra t i ons  f o r  
laminar  flow a i r p l a n e s  a r e  o u t l i n e d  and s e v e r a l  hypo the t i ca l  con f igu ra t i ons  a r e  
d i scussed .  
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90. Summary of  Laminar Boundary Layer Control  Research. Volume I .  
ASD-TDR-63-554, U . S .  A i r  Force,  Mar. 1964. ( ~ v a i l a b l e  from DDC a s  
AD 605 185.) 

Raetz,  G .  S. : Current  S t a t u s  o f  Resonance Theory o f  T rans i t i on .  

Brown, W. Byron: Exact  Numerical Solu t ion  of  t h e  Complete Lees-Lin 
Equat ions f o r  t h e  S t a b i l i t y  o f  Compressible Flow. 

Brown, W .  Byron: Crossflow S t a b i l i t y  Calcu la t ions  on Highly Swept 
(65O Sweep) Supersonic Low Drag BLC Wing (Mach Number 1 .8 )  With and 
Without Cooling. 

Brown, W.  Byron: Incompressible Crossflow S t a b i l i t y  Ca lcu l a t i ons  ,With 
Various Angles of t h e  Wave F ron t s  With t h e  P o t e n t i a l  Flow Direc t ion .  

Gross,  L. W.; Bacon, J .  W . ,  Jr.; and Tucker, V. L.:  Experimental I n v e s t i -  
ga t i on  and Theore t i ca l  Analysis  of  Laminar Boundary Layer Suc t ion  on a 
30° Swept, 12-Percent-Thick Wing i n  t he  NASA Ames 12-Foot P re s su re  Wind 
Tunne 1. 

Gross, L. W , :  Experimental I n v e s t i g a t i o n  of  a 4-Percent Thick S t r a i g h t  
Laminar Suct ion Wing of 17-Foot Chord i n  t h e  Norair  7- by 10-Foot Wind 
Tunnel. 

Bacon, J. W . ,  Jr.; Pfenninger ,  W . ;  and Moore, C. R . :  I n v e s t i g a t i o n s  of  a 
30° Swept and a 17-Foot Chord S t r a i g h t  Suct ion Wing i n  t h e  Presence o f  
I n t e r n a l  Sound, Externa l  Sound, and Mechanical Vibra t ions .  



Gross,  L. W . :  I n v e s t i g a t i o n  of  a  Laminar Suct ion Modified Sears-Haack 
Body of Revolution i n  t he  Norair  7- by 10-Foot Wind Tunnel. 

Bosse l ,  Hartmut H .  K . :  Analysis  of  t h e  Boundary Layer Development on a  
Modified Sears-Haack Suc t ion  Body of  Revolution. 

A t  subsonic  speeds,  f u l l  l eng th  laminar flow and low d rags  w e r e  ob ta ined  
up t o  high l eng th  Reynolds numbers on a  t h i n  s t r a i g h t ,  on a  swept laminar  suc- 
t i o n  wing and on a  suc t ion  body o f  revolu t ion .  Moderately i nc reased  suc t ion  
r a t e s  i n  t h e  most c r i t i c a l  reg ion  of  a  s t r a i g h t  and a  swept laminar  suc t ion  wing 
enabled f u l l  chord laminar flow i n  t h e  presence o f  e x t e r n a l  sound. Theo re t i ca l  
i n v e s t i g a t i o n s  a r e  concerned wi th  nonl inear  boundary l a y e r  o s c i l l a t i o n s  and s t a -  
b i l i t y  i n v e s t i g a t i o n s  (assuming smal l  d i s tu rbances )  of  a  supe r son ic  laminar 
boundary l a y e r  on a  f l a t  p l a t e  up t o  h igh  supersonic  speeds a s  we l l  a s  on a  
h igh ly  swept supersonic  low drag  s u c t i o n  wing of  low wave drag.  On a  supersonic  
f l a t  laminar  suc t ion  p l a t e  wi'th and without  weak i n c i d e n t  shock waves, ex tens ive  
laminar flow and low equ iva l en t  d rags  were ob ta ined  a t  M = 3 up t o  l e n g t h  
Reynolds numbers of 26 - lo6 .  Fur ther  supersonic  low drag  s u c t i o n  experiments 
on a  s u c t i o n  body of  r evo lu t ion ,  on a  36O supersonic  yawing wing, as w e l l  a s  on 
a  72O supersonic  yawing wing (swept behind the  Mach cone) o f  low wave drag ,  a r e  
descr ibed .  The l a t t e r  wing showed f u l l  chord laminar  flow wi th  a  subsonic  type  
p re s su re  d i s t r i b u t i o n  a t  M = 2 and Rc G 9 . lo6. 
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Groth, E. E.: I n v e s t i g a t i o n  of  a  Laminar F l a t  P l a t e  With Suc t ion  Through 
Many Fine S l o t s  With and Without Weak Inc iden t  Shock Waves, Low Drag 
Boundary Layer Suct ion Experiments on a  F l a t  P l a t e  a t  Mach Numbers 2 .5 ,  
3.0, and 3.5. 

Groth,  E. E. : Boundary Layer Suct ion Experiments on a  S l o t t e d  F l a t  P l a t e  
Model With I n t e r f e r i n g  Shock Waves. 

Groth,  E. E . :  Low Drag Boundary Layer Suct ion Experiments a t  Supersonic 
Speeds on an Ogive Cylinder  With 29 Closely Spaced S l o t s .  

Groth,  E. E.:  I n v e s t i g a t i o n s  of  Swept Wings With Supersonic  Leading Edges. 
Low Drag Boundary Layer Suct ion Experiments on a  36O Swept Wing a t  Mach 
Numbers 2 .5 ,  3.0, and 3.5. 

Groth,  E. E . :  Boundary Layer T rans i t i on  Measurements on Swept Wings a t  
Supersonic Speeds. 



 olds smith, J.: I n v e s t i g a t i o n  of  Laminar Flow Control  A i r f o i l s  Swept 
Behind t h e  Mach Angle - Low Drag Boundary Layer Suct ion Experiments on a 
72O Swept Wing Model a t  Mach Number 2.0 and 2.25. 

Goldsmith, J . :  I n v e s t i g a t i o n  of  Laminar Flow Control  A i r f o i l s  Swept 
Behind t h e  Mach Angle - Calcu la t i on  o f  Compressible Flow Losses Through 
Swept Suc t ion  S l o t s .  

Pfenninger ,  W. ; and Rogers, K. H .  : Pressure  Drop i n  Laminar Flow Tubes 
With Compressible Flow. 

Wieder, J . ;  and Pfenninger ,  W . :  S t r u c t u r a l  Aspects of  Low Drag Suc t ion  
A i r f o i l s .  

Worth, Robert  N . :  Skin Ducting System Configurat ions f o r  LFC A i r c r a f t  
Main S t r u c t u r a l  Box. 

Worth, R. N . :  E f f e c t  of  Weathering on Typical  Bonded Boundary Layer 
Control  S t r u c t u r e .  
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92. Laminar Flow Control   emo on strati on Airplane System Design Analysis  - 
Summary Report.  NOR-61-133 (Cont rac t  AF33 (600) -42052) , Northrop Corp. , 
Aug. 1961. (Avai lable  from DDC a s  AD 489 980.) 
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93. F i n a l  Report on LFC A i r c r a f t  Design Data Laminar Flow Control  Demonstra- 
t i o n  Program. NOR 67-136 (Cont rac t  AF 33 (657) -13930) , Northrop Corp.,  
June 1967. (Avai lable  from DDC a s  AD 819 317. ) 
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94. S t a r k ,  W .  W . :  LFC Summary F l i g h t  Tes t  Report - Laminar Flow Cont ro l  A i r -  
p lane  Demonstration Program. Advanced Technology Program System 659A. 
NOR-61-134 (Cont rac t  A F  33(600) -42052), Northrop Corp.,  Apr. 1964. 
(Avai lab le  from DDC a s  AD 440 344.) 

Drag due t o  f r i c t i o n  of  t he  normal t u r b u l e n t  boundary l a y e r  i s  a cons ider -  
a b l e  p o r t i o n  of  t h e  t o t a l  d rag  of a wing. Wind tunne l  i n v e s t i g a t i o n s  i n d i c a t e d  



t h a t  laminar flow could be maintained on a  wing by removing p a r t  of  t he  boundary 
l a y e r  over  t h e  e n t i r e  wing su r f ace  w i t h  e s s e n t i a l l y  t h e  complete e l imina t ion  o f  
f r i c t i o n  drag .  Laminar flow a p p l i c a t i o n  s t u d i e s  i n d i c a t e d  a  favorab le  o v e r - a l l  
energy balance f o r  the laminar con f igu ra t i on  compared t o  t h e  t u r b u l e n t  which 
r e s u l t e d  i n  a i r p l a n e  range--payload performance ga ins  of s u f f i c i e n t  magnitude t o  
warran t  a  f u l l - s c a l e  i n v e s t i g a t i o n  o f  t he  f e a s i b i l i t y  o f  applying laminar  flow 
c o n t r o l  t o  a i r c r a f t .  Northrop Nora i r ,  a  Divis ion o f  Northrop Corporat ion,  was 
s e l e c t e d  t o  conduct t he  X-21A Laminar Flow Control  Demonstration Program. This  
program provided f o r  t he  des ign ,  f a b r i c a t i o n ,  and f l i g h t  t e s t i n g  o f  two X - 2 l A  
experimental  test  a i r c r a f t  t o  demonstrate t he  f e a s i b i l i t y  o f  laminar  flow 
c o n t r o l .  

This r e p o r t  p r e s e n t s  a  summary o f  t h e  f l i g h t  tes t  r e s u l t s  o f  t h i s  program. 
In  add i t i on  t o  d i s cus s ions  o f  LFC t e s t  d a t a  i n  t h e  Tes t  Resu l t s  s e c t i o n ,  t h e  
main body o f  t h e  r e p o r t  i nc ludes  t h e  Data Analysis Procedures s e c t i o n  which 
d e t a i l s  t h e  a n a l y s i s  procedures  used. F l i g h t  t e s t  d a t a  r equ i r ed  t o  s u b s t a n t i a t e  
t he  s a t i s f a c t o r y  completion of secondary t e s t  o b j e c t i v e s ,  namely, s t a b i l i t y - a n d -  
c o n t r o l  and s a f e t y - o f - f l i g h t  tes t  programs, a r e  inc luded  i n  Appendix A of  t h i s  
r e p o r t .  
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Discussion of problems and methods o f  laminar flow c o n t r o l ,  and d e s c r i p t i o n  
o f  t h e  X-21A a i r c r a f t ,  developed from t h e  B-66 a i r c r a f t ,  which was s e l e c t e d  t o  
be modified t o  t h e  laminar c o n t r o l  con f igu ra t i on  because o f  i t s  a b i l i t y  t o  simu- 
l a t e  i n  s i z e  and speed t h e  ope ra t i ng  Reynolds number range of  t r a n s p o r t  type  
a i r c r a f t .  A f i g u r e  shows t h e  X-21A wing, which has  30 degrees  of sweep, and 
wing a r e a  i nc reased  from 780 t o  1,250 sq  f t .  The wing has  been contoured s o  a s  
t o  e s t a b l i s h  f avo rab l e  chordwise and spanwise p re s su re  d i s t r i b u t i o n  t o  minimize 
c ross f low v e l o c i t i e s  while provid ing  a maximum amount o f  l i f t  wi thout  l o c a l  
shock e f f e c t s .  Considered a r e  fu se l age  contouring,  wing s t r u c t u r a l  de s ign ,  
t y p i c a l  performance comparison, multi-purpose a i r c r a f t  s t u d i e s ,  supersonic  
s t u d i e s ,  f l i g h t  tests, o p e r a t i o n a l  e v a l u a t i o n ,  i n - f l i g h t  a c o u s t i c  environment, 
c u r r e n t  f l i g h t  s t a t u s ,  degree o f  l amina r i za t i on ,  and performance. I t  i s  noted 
t h a t  t h e  des ign  and f a b r i c a t i o n  of t h e  wing a r e  p r a c t i c a l ,  and t h a t  smoothness 
requirements  can be  met a t  reasonable  c o s t s .  The knowledge gained on t h e  X-21 
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7 x 10 f o o t  low speed wind tunnel  a t  s e v e r a l  angles  of a t t a c k .  Resul ts  of  t he  
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could cause complete spanwise contamination outboard of the  d is turbance  once a  
c e r t a i n  combination of f r e e  stream ve loc i ty  and angle of a t t a c k  was a t t a i n e d  f o r  
a  given sweep angle and leading  edge r ad ius .  I t  was found t h a t  a l l  cases  of  
spanwise contamination could he r e l a t e d  t o  a  small  range of s t agna t ion  l i n e  
boundary l a y e r  Reynolds numbers based on the  s t agna t ion  l i n e  momentum th ickness  
and the  spanwise component of the  p o t e n t i a l  flow v e l o c i t y .  

There appeared t o  be no d i s t i n c t  speed a t  which spanwise contamination 
occurred.  Once a  t u r b u l e n t  wedge due t o  a  d i s turbance  on t h e  s t agna t ion  l i n e  
developed, small  i nc reases  i n  speed would move t h e  outboard l i m i t  o f  contamina- 
t i o n  u n t i l  f i n a l l y  t h e  complete model outboard of t h e  d is turbance  had t u r b u l e n t  
flow i n  the  s t agna t ion  region.  

Turbulent  boundary l a y e r s  feeding onto t h e  wing leading  edge from the  
tunnel  f l o o r  were found t o  be s u f f i c i e n t l y  s t rong  t o  cause spanwise contamina- 
t i o n ;  t h e r e f o r e  t e s t s  were conducted which showed t h a t  a  s h o r t  chordwise fence 
with a  s i n g l e  suc t ion  s l o t  a t  t he  fence-wing l ead ing  edge i n t e r s e c t i o n  was 
s u f f i c i e n t  t o  provide a  c lean  leading  edge and move the  t r a n s i t i o n  l i n e  back t o  
t he  p o s i t i o n  a s  p red ic t ed  by swept wing s t a b i l i t y  theory.  

The s i m i l a r i t y  between the  shape of t h e  swept wing s t agna t ion  l i n e  v e l o c i t y  
p r o f i l e  and the  f l a t  p l a t e  Blas ius  p r o f i l e  sugges ts  a  p o s s i b l e  c r i t i c a l  Reynolds 
number f o r  Tollmien-Schlichting type d is turbances  which could cause t r a n s i t i o n  
a t  o r  very near  t he  s t agna t ion  l i n e  of a  swept back wing even though o t h e r  d i s -  
turbances a r e  no t  p re sen t .  
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124. Shenstone, B .  S . :  Sucking Off the  Boundary Layer. Aeroplane, vol .  52 ,  
no. 1340, Jan.  27, 1937, pp.  98-100. (Comments i n  vol .  54, no. 1402, 
Apr. 6 ,  1938, p .  425.) 

This i s  a  d iscuss ion  of how boundary l a y e r  suc t ion  may be used t o  reduce 
drag, and t h e  e f f e c t  t h i s  suc t ion  has on a i r p l a n e  performance. 

125. Tye, W . :  The E f f e c t  of Smooth Wings on Weight and Performance. Rep. 
No. S.M.E.3234, B r i t i s h  R.A.E., Oct. 1942. 

A t t en t ion  has been focussed r ecen t ly  on t h e  s t r u c t u r a l  problems involved 
i n  provid ing  smooth wing su r f aces .  A s  a  pre l iminary  s t e p  it i s  use fu l  t o  con- 
s i d e r  t o  what e x t e n t  a d d i t i o n a l  s t r u c t u r e  weight can be accepted f o r  t he  sake 
of reduced drag.  This note  at tempts  t o  e s t a b l i s h  the o rde r  of the  values 
involved.  
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126. Douglas, G. P . ;  and Pugsley, A .  G.: The F i e l d  of  Usefulness o f  S p e c i a l l y  
Smooth Wings. Rep. No. S  .M.E. 3232, B r i t i s h  R . A . E . ,  Oct. 1942. 

The main purpose of  t h i s  s h o r t  r e p o r t  i s  t o  i n d i c a t e  t he  c l a s s e s  of  aero-  
p l ane  whose performance would e s p e c i a l l y  b e n e f i t  by t h e  p rov i s ion  of  wing su r -  
f aces  s u f f i c i e n t l y  smooth and f i rm t o  s ecu re  laminar  boundary l a y e r s  over  t h e  
forward 60% o f  t h e  wing chord o u t s i d e  t h e  s l i p s t r eam.  I t  i s  emphasised t h a t  
t h e  i n c r e a s e  i n  performance which can be ob ta ined  by t h e  genera l  improvement o f  
f i n i s h  of  e x i s t i n g  t ypes ,  though cons iderab le  when t h e  f i n i s h  i s  poo r ,  is n o t  
inc luded  i n  t h e  e s t ima te s  given.  
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127. Smith, A.  M. 0 . :  Fur the r  S t u d i e s  o f  t he  Problems of  Drag Reduction by 
Boundary Layer Removal. Rep. No. ES 20941, Douglas A i r c r a f t  Co., I n c . ,  
Oct. 8 ,  1947. 

This  i s  a  d e t a i l e d  s tudy  of t he  range of  a  j e t  a i r p l a n e  us ing  boundary 
l a y e r  c o n t r o l  and an i n v e s t i g a t i o n  of  suc t ion  s l o t  spacing.  

Author 
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128. Roy, Maurice: ~ G d u c t i o n  de l a  Rgsistance e t  Aspi ra t ion  Continue de 
Couche-Limite. Rech. ~ g r o n a u t . ,  no. 25, Jan.-Feb. 1952, pp. 3-8. 

A t  t he  Brighton Conference (September 1951) ,  S i r  Melv i l le  Jones and M. R. 
Head gave c a l c u l a t i o n s  t h a t  showed a  sav ing  of propuls ive  power of  up t o  50% f o r  
an a i r f o i l  when t h e  boundary l a y e r  was removed by suc t ion  from a l a r g e  p a r t  of 
t h e  s u r f a c e  (assumed p o r o u s ) .  Roy shows t h a t  t h i s  sav ing  i s  probably much 
overes t imated ,  a s  it does no t  t ake  i n t o  cons idera t ion  t h e  power r equ i r ed  t o  
e f f e c t  t h e  s u c t i o n .  The e j e c t i o n  of t h e  a i r  from t h e  boundary l a y e r  through a  
s l o t  i n  t h e  t r a i l i n g  edge i s  d i scus sed ,  a s  i s  a l s o  t h e  use of  t h i s  e j e c t e d  a i r  
a s  p a r t  of  t h e  propuls ive  system. The e f f e c t  of  t he  s i z e  of  t h e  s l o t  on t he  
e f f i c i e n c y  of  t h e  system i s  a l s o  considered.  A s  the  c a l c u l a t i o n s  of Jones and 
Head and a l s o  those  of Roy a r e  based on parameters  t h a t  have y e t  t o  be d e t e r -  
mined exper imenta l ly ,  t he  q u a n t i t a t i v e  drag  reduc t ion  due t o  t he  boundary l a y e r  
s u c t i o n  is  s t i l l  a mat te r  of  controversy.  Only the  case  of  an i d e a l  wing of  
i n f i n i t e  span wi th  no body i n t e r a c t i o n  e f f e c t s  i s  considered.  Although t h e  
f l u i d  i s  assumed t o  have n e g l i g i b l e  compres s ib i l i t y ,  t h e  c a l c u l a t i o n s  could 
e a s i l y  be extended t o  i nc lude  compres s ib i l i t y  e f f e c t s .  

Abs t rac t  cour tesy  APPLIED MECHANICS REVIEWS 

129. Courtney, A.  L . :  The Use of  Boundary Layer Suct ion i n  High-Speed C i v i l  
A i r l i n e r s  of  Conventional Layout. Tech. Memo. No. Aero 327, B r i t i s h  
R.A.E., Feb. 1953. 

S t a r t i n g  wi th  an e x i s t i n g  des ign  s tudy f o r  a  550 mph a i r l i n e r  ca r ry ing  
100 passengers  5000 mi les  t h i s  no te  d i s cus se s  t h e  e f f e c t  on t he  passenger  load  



of reducing the  p r o f i l e  drag, allowing a r b i t r a r y  amounts f o r  the  weight of suc- 
t ion  apparatus. I t  is  est imated t h a t  a typ ica l  high-speed suct ion a i r c r a f t  
achieving 80% smaller  6~~ than the a i r c r a f t  ( e n t a i l i n g  suct ion  on the  body a s  

1 

well  a s  the  wing) f o r  a weight penalty of 7t% AUW would carry  a 70% g r e a t e r  
2 

passenger load f o r  the  same range, speed and AUW. The e x t r a  passengers could 
be accommodated with the  same standard of comfort i n  a s l i g h t l y  l a r g e r  a i r c r a f t  
with r e l a t i v e l y  l a r g e r  body s i z e  bu t  of qu i t e  normal appearance. The cos t  pe r  
passenger-tr ip f o r  the  suct ion  a i r c r a f t  would be about ha l f  t h a t  f o r  the  datum 
a i r c r a f t  and only s l i g h t l y  g rea te r  than t h a t  of the  th ick  all-wing suct ion  
design of 150 mph lower c ru i s ing  speed discussed i n  r e f .  1. It is  concluded 
t h a t  subjec t  t o  the  assumptions made being of the  r i g h t  order  the  high-speed 
t h i n  wing suct ion design with fuselage i s  a b e t t e r  proposi t ion than t h e  low 
speed th ick  all-wing design and mer i t s  fu r the r  s tudy,  p a r t i c u l a r l y  a s  regards 
the d e t a i l  design and engineering aspects  of the problem. 
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130. Darby, R. A.:  An A i r c r a f t  Manufacturer Looks a t  Boundary Layer Control. 
Eng. Rep. No. RR-1, Fa i rch i ld  A i r c r a f t ,  Apr. 1, 1954. (Available from 
DDC a s  AD 82 204.) 

The objec t ives  of boundary l aye r  cont ro l  a r e  examined. The nature  of the  
boundary l aye r  i s  described,  and t r a n s i t i o n  and separa t ion  explained. The b a s i c  
methods of con t ro l l ing  separa t ion  and t r a n s i t i o n  a r e  b r i e f l y  described, and the  
simplest  and most used boundary l aye r  parameters defined.  A r a the r  lengthy 
s e r i e s  of separat ion con t ro l  i n s t a l l a t i o n s  t h a t  have been f l i g h t  t e s t e d  a re  
presented,  with the  most important r e s u l t s ,  where ava i l ab le .  Two appl ica t ions  
of t r a n s i t i o n  con t ro l ,  with numerical r e s u l t s ,  conclude the  main body of the  
repor t .  
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131. Pfenninger , W .  ; and Bacon, John W. , Jr . : Design Studies of Long Range 
Laminar Suction Airplanes a t  High Subsonic Speeds. Summary o f  Laminar 
Boundary Layer Control Research, WADC Tech. Rep. 56-111, U.S. A i r  Force, 
Apr. 1957, pp. 294-328. (Available from DDC as  AD 130 759.) 

The design of long range laminar suct ion a i rp lanes  i s  strongly a f fec ted  by 
the  requirements f o r  extensive laminar flow, by the induced drag and the  p a r a s i t e  
drag of the fuselage.  With the  low f r i c t i o n  drag poss ib le  with very extensive 
laminar flow, the induced drag becomes increasingly important,  requi r ing  wings 
with a l a rge r  span, higher aspect  r a t i o ,  and span t o  maximum wing thickness 
r a t i o  than nonsuction wings. Strut-braced high aspect  r a t i o  wings appear prom- 
i s i n g  f o r  long range laminar suct ion  a i rp lanes .  Laminar suct ion  a i rp lanes  with 



maximum range should be designed wi th  l a r g e r  wing a r e a s  (wing span and wing 
chord) than nonsuction a i r p l a n e s ,  s i n c e  the  increased  wing chords do n o t  
apprec iab ly  inc rease  the  f r i c t i o n  drag.  Swept a l l  laminar suc t ion  wings which 
a r e  d e s i r a b l e  from the  s tandpoin t  of g u s t  loads  and high subsonic c r u i s i n g  
speeds,  seem t o  be t h e o r e t i c a l l y  f e a s i b l e  a t  moderately l a r g e  wing chord 
Reynolds numbers. Completely laminar  flow and very low p r o f i l e  drags  have been 
observed on wings i n  f l i g h t  a t  high Reynolds numbers, and 100% laminar flow has 
been maintained on a  body of  r evo lu t ion  by means of boundary l a y e r  suc t ion .  
Extensive l amina r i za t ion  of an a i r p l a n e  a s  a  r e s u l t  of low drag  boundary l a y e r  
c o n t r o l  w i l l  i nc rease  the  l i f t  t o  drag  r a t i o  of long range a i r p l a n e s  consider-  
ab ly  and, i n  a d d i t i o n ,  w i l l  reduce t h e  engine s p e c i f i c  f u e l  consumption. The 
ques t ion  then a r i s e s  a s  t o  how low drag  boundary l a y e r  suc t ion  can b e s t  be 
app l i ed  t o  long range a i r p l a n e s ,  p a r t i c u l a r l y  f o r  extreme ranges.  The purpose 
of t h i s  s tudy i s  t o  show the  range p o t e n t i a l  o f  laminar suc t ion  a i r p l a n e s  and 
t o  p r e s e n t  some of  t he  s p e c i f i c  design problems of such a i r p l a n e s  and p o s s i b l e  
s o l u t i o n s .  
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132. Pfenninger ,  W . :  Note About t h e  Range Performance of High A l t i t u d e  Long 
Range Photoreconnaissance Airplanes With Low Drag Boundary Layer Suct ion.  
Rep. No. NAI-56-264 (Rep. No. BLC-85), Northrop A i r c r a f t ,  I n c . ,  Mar. 
1956. (Avai lable  from DDC a s  AD 105 924.) (Also a v a i l a b l e  i n  Summary 
of Laminar Boundary Layer Control  Research, WADC Tech. Rep. 56-111, 
U.S. A i r  Force, Apr. 1957, pp. 329-338. (Avai lable  from DDC a s  
AD 130 759. ) ) 

Completely laminar  flow and very low p r o f i l e  drags have been achieved on 
wings i n  f l i g h t  a t  high Reynolds numbers by means of boundary l a y e r  suc t ion .  
Extensive l amina r i za t ion  of an a i r p l a n e  a s  a  r e s u l t  o f  low drag  boundary l a y e r  
s u c t i o n  w i l l  i nc rease  the  a i rp l ane  l i f t  t o  drag  r a t i o  considerably and, i n  
a d d i t i o n ,  w i l l  s l i g h t l y  reduce the  s p e c i f i c  f u e l  consumption. These r e s u l t s  
w i l l  enable  increased  ranges a t  a l l  a l t i t u d e s  above approximately 20,000 f e e t .  
The ques t ion  then a r i s e s  a s  t o  how low drag  boundary l a y e r  c o n t r o l  can b e s t  be 
app l i ed  t o  a i r p l a n e s  with extreme ranges.  

The purpose of t h e  p r e s e n t  s tudy  i s  t o  show the  p o s s i b l e  r ange -a l t i t ude  
performances of high a l t i t u d e  long range photoreconnaissance a i r p l a n e s  with 
laminar  suc t ion .  
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133. ~ f e n n i n g e r ,  W . :  Note on Long Range Photoreconnaissance Ai rp lanes  With Low 
Drag BLC Cruis ing  a t  Very High A l t i t u d e s ,  NAb-57-710, Rep. No. BLC-98 
(Cont rac t  AF33 (616) -3168) , Northrop A i r c r a f t ,  I nc . ,  May 1957. 
(Avai lable  from DDC a s  AD 140 586.) 

A s  a  r e s u l t  o f  t h e  smal l  l ength  and u n i t  l eng th  Reynolds numbers o f  a  sub- 
son ic  photoreconnaissance a i r p l a n e  c r u i s i n g  a t  very high a l t i t u d e s ,  it appears  
f e a s i b l e  t o  maintain ex t ens ive  and, very l i k e l y ,  completely laminar  flow over  
t h e  whole a i r p l a n e ,  by means of  low drag  boundary l a y e r  s u c t i o n ,  even i n  t h e  
r e a r  p a r t  o f  t h e  fu se l age  downstream of  a  wing fu se l age  junc ture .  
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134. Pfenninger ,  W . :  Design Considerat ions of Large Subsonic Long Range Trans- 
p o r t  Airplanes With Low Drag Boundary Layer Suc t ion .  Rep. No. NAI-58-529 
(BLC-111) , Northrop Corp. , Ju ly  1958. (Avai lable  from DDC a s  

AD 821  759.) 

The des ign  o f  a  l a r g e  long range subsonic  t r a n s p o r t  a i r p l a n e  with low d rag  
boundary l a y e r  suc t ion  i s  in f luenced  by many d i f f e r e n t  and o f t e n  c o n t r a d i c t i n g  
f a c t o r s .  The des igner  has  t o  balance them i n  such a  manner a s  t o  o b t a i n  t h e  
b e s t  p o s s i b l e  range-payload performance. A t  t h e  same t i m e ,  i n  view of  t h e  high 
l e n g t h  Reynolds numbers wi th  laminar  flow on a  l a r g e  t r a n s p o r t  a i r p l a n e ,  he has  
t o  compromise t h e  design i n  such a  manner a s  t o  maintain ex t ens ive  laminar  flow 
wi th  a  high p r o b a b i l i t y  of success  without  excess ive  d i f f i c u l t i e s  and complica- 
t i o n s .  These l a t t e r  cons ide ra t i ons  w i l l  i n f luence  t h e  des ign  of  l a r g e  laminar 
suc t ion  a i r p l a n e s  t o  a  much h ighe r  degree than one might suspec t  a t  a  f i r s t  
look. The des igner  w i l l  be forced  t o  c a r e f u l l y  balance a l l  t h e  aerodynamic, 
s t r u c t u r a l ,  a e r o e l a s t i c ,  p ropuls ion ,  and manufacturing problems o f  a laminar 
suc t ion  a i r p l a n e  a g a i n s t  each o t h e r ,  i n  o rde r  t o  ob t a in  a  good performance with- 
o u t  encounter ing  extreme d i f f i c u l t i e s  i n  t h e  design o f  t h e  var ious  components o f  
a l a r g e  long  range laminar  s u c t i o n  a i r p l a n e .  
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135. Lachmann, G. V . :  Aspects o f  Design, Engineer ing and Opera t iona l  Economy o f  
Low Drag A i r c r a f t .  Boundary Layer and Flow Cont ro l ,  Volume 2 ,  G. V. 
Lachmann, e d . ,  Pergamon P r e s s ,  1961, pp. 1123-1166. 

I t  has been demonstrated both i n  t h e  United Kingdom and i n  t h e  United 
S t a t e s  t h a t  laminar flow over  t h e  f u l l  chord can be achieved i n  f l i g h t .  J e t  
f i g h t e r  a i r c r a f t  f i t t e d  with gloves t o  t he  wing t o  which suc t ion  was app l i ed  



were used i n  bo th  c o u n t r i e s  f o r  t he se  experiments  which represen ted  t h e  culmina- 
t i o n  of many y e a r ' s  work on boundary l a y e r  c o n t r o l .  The s t a t e  o f  t h e  a r t  which 
has  been reached i s  summarized, 

To br idge  t h e  gap between the, p r e s e n t  s t a t e  o f  t h e  laminar  flow technique 
and s u c c e s s f u l  o p e r a t i o n a l  t r a n s p o r t  a i r c r a f t  t h r e e  important  q u e s t i o n s  have t o  
be answered: 

(i) Can p r a c t i c a l  engineer ing  s o l u t i o n s  achieve t he  des ign  and c o n s t r u c t i o n  
of  a i r c r a f t  s k i n  and suc t ion  systems which a r e  l i g h t ,  s imple and robus t  and low 
enough i n  c o s t  t o  s a t i s f y  t h e  ope ra to r?  

(ii) Can s u r f a c e  contamination by f l i e s  and d u s t  be overcome i n  a  p r a c t i c a l  
way i n  a l l  l i k e l y  o p e r a t i o n a l  condi t ions  w i thou t  undue p e n a l t i e s  i n  o p e r a t i n g  
c o s t s ?  

(iii) Can t h e  laminar ized  a i r c r a f t  be  designed d i r e c t l y  compet i t ive  wi th  
i t s  convent iona l  r i v a l  i n  speed,  range,  payload and a i r f i e l d  requirements  and a t  
t h e  same t ime,  based on t h e  most c a r e f u l  comparative p r o j e c t  s t u d i e s ,  show a 
marked economic advantage? 

An a t tempt  i s  made i n  t h e  fol lowing t o  g ive  an answer t o  t he se  q u e s t i o n s  
wi th  r e s p e c t  t o  p o t e n t i a l  subsonic  low drag  a i r c r a f t .  An out look i s  a l s o  given 
i n  regard  t o  a  second-stage a p p l i c a t i o n  of  t h e  laminar  flow technique t o  f u t u r e  
supersonic  a i r c r a f t .  

I t  has  t o  be emphasized t h a t  t h e  p r a c t i c a l  b a s i s  of  a l l  deduct ions con- 
sists today i n  a l i m i t e d  amount o f  f l i g h t  experience wi th  small  p a r t i a l l y  
laminar ized  a i r c r a f t ,  des ign  s t u d i e s  and t echno log ica l  i n v e s t i g a t i o n s  o f  d i f f e r -  
e n t  types  o f  s u c t i o n  s u r f a c e s ,  duc t s ,  s u c t i o n  pumps, e t c .  

I t  goes wi thout  say ing  t h a t  ope ra to r s  w i l l  on ly  be convinced of t h e  poten-  
t i a l  b e n e f i t s  r e s u l t i n g  from t h e  laminar  flow technique a f t e r  a  r e p r e s e n t a t i v e  
aeroplane has  been designed and b u i l t  and has  p l a i n l y  demonstrated t h e  economic 
advantages by o p e r a t i n g  s u c c e s s f u l l y  i n  r e a l i s t i c  condi t ions .  

Author 

136. Laminar Report - Handley Page Progress  i n  t h e  F i e l d  of  Boundary-Layer 
Cont ro l .  F l i g h t  I n t . ,  vo l .  82,  no. 2783, Ju ly  12,  1962, pp. 64-66. 

Descr ibes  b r i e f l y  t h e  r o l e  of Handley Page Ltd. under t h e  d i r e c t i o n  o f  
D r .  G .  V. Lachmann i n  t he  f i e l d  of  laminar  boundary l a y e r  con t ro l .  Much i n t e r -  
e s t  i n  t h e  U.K. and U.S.  was l o s t  a f t e r  W .  E .  Gray of t h e  R.A.E. found t h a t  
huge s u c t i o n  was necessary t o  keep t h e  flow over  a  swept wing laminar ,  However, 
Handley Page and M. R. Head were encouraged by a  group from Northrop (headed by 
Pfenninger)  and they found t h a t  they could d r a s t i c a l l y  reduce t h e  s u c t i o n  
r equ i r ed  on a  swept wing. Northrop under U.S.A.F. Cont rac t s  began the modifica- 
t i o n s  on t h e  t w o  B-66s t h a t  were t o  become t h e  X-21's. B r i t a i n  d i d  some f l i g h t  
t e s t i n g  of  t e s t  wings and by 1962 had done some pre l iminary  work by f l y i n g  
s l e n d e r  d e l t a  wings a t  tM = 2. 



137. Laminar Flow Control Program, NB 61-371, Northrop Corp., Dec. 1961. 

This brochure is a r e p r i n t  of presenta t ions  made a t  the  S c i e n t i f i c  Advisory 
Board Aerospace Vehicles Panel Meeting on Laminar Flow Control he ld  a t  the 
Northrop Norair Engineering Center on 9 November 1961. 

Groth, Er i c  E . :  Low Drag Boundary Layer Suction Experiments a t  Supersonic 
Speeds. pp. 3-11. 

Pfenninger, W . :  Inf luence of Acoustical Disturbances on the  Behavior of a 
Swept Laminar Suction Wing. pp. 13-32. 

Kuska, M . :  LFC Demonstration Airplane Program S ta tus .  pp. 33-41. 

Warner, D. D. :  Wing Geometry and Suction Dis t r ibut ion  of  LFC Demonstration 
Airplane. pp. 43-63. 

Brown, S. H . :  Laminar Flow Control Design Application Studies.  
pp. 65-109. 

Avai labi l i ty :  
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138. Gasich, Welko E . :  Application of Laminar Flow Control t o  Transport 
Ai rc ra f t .  Aerosp. Eng., vol .  20, no. 10, Oct. 1961, pp. 22-23, 44, 
46-48, 50-52. 

This paper summarizes the  research work conducted by Northrop Corporation 
i n  the  f i e l d  of Laminar Flow Control and r e l a t e s  t h i s  research t o  appl ica t ion  
s t u d i e s  f o r  transport-type a i r c r a f t .  It discusses some of the  areas  which have,!; 
received r e l a t i v e l y  l i t t l e  emphasis, and which a re  now commanding g r e a t e r  
a t t e n t i o n  among a i r c r a f t  designers and a i r l i n e  operators .  In  order  t o  de te r -  
mine the  a p p l i c a b i l i t y  of Laminar Flow Control t o  t r anspor t  a i r c r a f t ,  one must 
compare the operat ing cos t s  of  normal a i r c r a f t  having turbulent  boundary l aye r s  
with a i r c r a f t  employing Laminar Flow Control on wings and empennage. This con- 
s ide ra t ion  leads t o  the  determination of manufacturing cos t s ,  maintenance cos t s ,  
and opera t ional  considerat ions.  It i s  the i n t e n t  of  t h i s  paper t o  discuss these 
f a c e t s  of the  problem and t o  r e l a t e  them t o  design s tud ies  f o r  t r anspor t  a i r -  
c r a f t  employing Laminar Flow Control.  

A b r i e f  descr ip t ion  of the  two demonstration a i rp lane  configurat ions and 
the program objec t ives  a r e  discussed.  

Author 
Avai labi l i ty :  
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139. Pfenninger ,  W.; and Bacon, John W.,  Jr.: General Design I n v e s t i g a t i o n s  of  
Long Range Laminar Suc t ion  Airp lanes .  NAI-56-615, Rep. No. BLC-90 
(Cont rac t  AF-33 (616) -3168) , Northrop A i r c r a f t ,  I n c . ,  Aug. 1956. 
(Avai lab le  from DDC a s  AD 106 068(b)  . )  

Completely laminar  flow and very low p r o f i l e  d rags  have been observed on 
wings i n  f l i g h t  a t  high Reynolds numbers and 100% laminar  flow has been main- 
t a i n e d  on a  body of r evo lu t ion  by means of  boundary l a y e r  suc t ion .  Extens ive  
l amina r i za t i on  o f  an a i r p l a n e  a s  a  r e s u l t  o f  low drag  boundary l a y e r  c o n t r o l  
w i l l  i n c r e a s e  t h e  l i f t  t o  d rag  r a t i o  o f  long range a i r p l a n e s  cons iderab ly  and, 
i n  a d d i t i o n ,  w i l l  reduce t he  engine s p e c i f i c  f u e l  consumption. The ques t i on  
then a r i s e s  as t o  how low drag  boundary l a y e r  suc t ion  can b e s t  be a p p l i e d  t o  
long range a i r p l a n e s ,  p a r t i c u l a r l y  f o r  extreme ranges.  The purpose of  t h i s  
s tudy  i s  t o  show t h e  range p o t e n t i a l  of  laminar  suc t ion  a i r p l a n e s  and t o  p re -  
s e n t  some of t h e  s p e c i f i c  des ign  problems o f  such a i r p l a n e s  and p o s s i b l e  
s o l u t i o n s .  

Author 
A v a i l a b i l i t y :  

SN-2402 1, J u l y  1956 
NAI-56-615 
BLC-90 
AD 106 068(b)  

140. A r n s l e r ,  R. C.: A General ized Design and Cost Study of Laminar Flow Control  
Appl ica t ion  t o  Cargo A i r c r a f t .  NOR-62-28, Northrop Corp., Feb. 1962. 

This  r e p o r t  i s  t h e  r e s u l t  of  a  s tudy  conducted a t  Norair  t o  determine t h e  
p o t e n t i a l  improvements, i n  performance and d i r e c t  ope ra t i ng  c o s t ,  which can be 
ob ta ined  by t h e  a p p l i c a t i o n  of  Laminar Flow Control  t o  turbofan-powered t r a n s -  
p o r t s  designed s p e c i f i c a l l y  f o r  economical a i r  t r a n s p o r t a t i o n  o f  cargo a t  h igh  
subsonic  speeds,  i n  both m i l i t a r y  and commercial opera t ions .  

This  s tudy  i s  p r i m a r i l y  concerned wi th  determining the .  e f f e c t s  o f  take-off  
g r o s s  weight ,  payload,  c r u i s e  Mach number, and e x t e n t  of  a p p l i c a t i o n  o f  Laminar 
Flow Control  on performance, a c q u i s i t i o n . c o s t ,  and d i r e c t  ope ra t i ng  c o s t .  I n  
o r d e r  t o  determine t h e  e f f e c t s  of  c r u i s e  Mach number, t u r b u l e n t  a i r c r a f t  and 
a i r c r a f t  with LFC app l i ed  t o  t h e  wing and t a i l ,  both wi th  a  des ign  payload o f  
50,000 pounds and a  des ign  range o f  4,000 n a u t i c a l  mi l e s ,  were s t u d i e d  f o r  
c r u i s e  Mach numbers of  .70, . 75 ,  .80, and .85. The e f f e c t s  of  take-off  g r o s s  
weight  were s t u d i e d  by varying take-off  g r o s s  weight  from 150,000 t o  500,000 
pounds f o r  'the .70 and -80 c r u i s e  Mach number a i r c r a f t .  I n  o r d e r  t o  determine 
t h e  e f f e c t s  of  t h e  e x t e n t  of  a p p l i c a t i o n  o f  LFC, t h e  .80 c r u i s e  Mach number a i r -  
c r a f t  were s t u d i e d  wi th  LFC on t h e  wing only ,  a s  wel l  a s  wi th  LFC on t h e  wing 
and t a i l .  F i n a l l y ,  i n  o rde r  t o  determine t h e  e f f e c t s  of  payload, des ign  pay- 
l oads  were v a r i e d  from 50,000 t o  125,000 pounds f o r  t he  .80 c r u i s e  Mach number 
a i r c r a f t ,  both t u r b u l e n t  and LFC wing and t a i l .  



In  o r d e r  t o  be capable of  world-wide opera t ion  from e s t a b l i s h e d  a i r f i e l d s ,  
a l l  a i r c r a f t  considered i n  t h i s  s tudy a r e  designed f o r  opera t ion  a t  design take-  
o f f  gross  weight from 8,000 f o o t  runways according t o  FAA r u l e s .  

Author 
Ava i l ab i , l i t y  : 
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141. Arnsler, R. C . ;  and Newton, J. S . :  Multipurpose Long Endurance A i r c r a f t  
(MPLE) Airplane Design Analysis .  Rep. NOR 63-109, Northrop Corp. , 
June 1963. 

The major a spec t s  o f  conf igura t ion ,  propulsion and LFC systems, s t r u c t u r a l  
des ign ,  weight a n a l y s i s ,  aerodynamics, and a i r c r a f t  performance were considered 
i n  t he  development of  t h i s  s tudy .  Variables  which could be e l imina ted  a t  t h e  
beginning of t h e  s tudy by l o g i c a l  reasoning were so  e l imina ted  and t h e  reason- 
i n g  involved t h e r e i n  i s  expla ined  i n  t h i s  r epo r t ,  while  v a r i a b l e s  which could 
n o t  be s o  e l imina ted  were analyzed i n  s u f f i c i e n t  d e t a i l  t o  e s t a b l i s h  t h e i r  
e f f e c t  on a i r c r a f t  s e l e c t i o n .  

The r e s u l t s  of  t he  s tudy a r e  presented  i n  t he  form of  t a b l e s ,  graphs, and 
conclusions i l l u s t r a t i n g  t h e  c h a r a c t e r i s t i c s  of t he  va r ious  a i r c r a f t  configura-  
t i o n s  analyzed and t h e  e f f e c t s  of t h e  primary v a r i a b l e s  of  a i r p l a n e  gross  
weight,  design payload, c r u i s e  a l t i t u d e ,  design c r u i s e  speed, and propuls ion  
cyc le  on endurance and range f o r  both t u r b u l e n t  and LFC a i r c r a f t .  

Conclusions a r e  reached regarding ope ra t iona l  f l e x i b i l i t y  and a r e a s  of 
s u f f i c i e n t  i n t e r e s t  t o  warran t  f u r t h e r  s tudy.  

Author 
A v a i l a b i l i t y :  
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142. Ladin, E . ;  Madson, S. L. ;  and Ra l l e s ,  H .  A . :  Multipurpose Long Endurance 
A i r c r a f t  (MPLE) System Evaluat ion and Cost Analysis .  Rep. NOR 63-111 
(Cont rac t  AF18 (600) -2 174) , Northrop Corp. , June 1963. 

Included he re in  a r e  var ious  components o f  t h e  systems c o s t  and the  t o t a l  
systems c o s t  over  a 7-year pe r iod  f o r  t h e  Offensive Armed Mission, Defensive 
Armed Mission (AEW&C) , and the  Command and Surve i l lance  Mission (Extended Range 
B a l l i s t i c  Mis s i l e  De tec t ion ) .  In  add i t i on ,  ope ra t ing  c o s t s  a r e  shown f o r  t h e  
L o g i s t i c  Mission. 

A d e s c r i p t i o n  o f  t he  c o s t  model and a t y p i c a l  example i s  given i n  the  
Appendix. 

Therefore,  it i s  concluded t h a t  e i t h e r  the  450,000 l b .  g ross  weight,  
108,500 l b .  payload o r  t h e  300,000 l b .  g ross  weight,  73,000 l b .  payload would 
be a good s e l e c t i o n .  Inves t iga t ion  of t he  probable t h r e a t  should more c l e a r l y  
de f ine  the  d e s i r a b l e  payload. 



Study of speed and a l t i t u d e  e f f e c t s  on system c o s t ,  F igures  19 and 20 show 
t h a t  t he  optimum LFC a i r c r a f t  with r egene ra t i ve  turboprop engines  f o r  t h e  AEW&C 
mission i s  one designed f o r  Mach 0.5 a t  25,000 f e e t  o r  Mach 0.6 a t  35,000 f e e t .  
The t u r b u l e n t  a i r c r a f t  optimum i s  shown on F igures  21 and 22 t o  be Mach 0.5 a t  
25,000 f e e t .  

The t o t a l  systems c o s t s  of  a i r c r a f t  wi th  r egene ra t i ve  high-bypass tu rbofan  
engines  having speeds of 0.6 - 0.7 Mach a t  35,000 f t .  (Figure 18) a r e  about  3% 
lower than t h e  r egene ra t i ve  turboprop a i r c r a f t  a t  0 .5  Mach and 25,000 f t .  
a 1  ti tude . 

I t  i s  noted t h a t  t h e  i n s t a l l a t i o n  o f  Laminar Flow Control  on t h e  a i r c r a f t  
s u r f a c e s ,  r e g a r d l e s s  of  s i z e  o r  p ropuls ion  method, reduces t o t a l  system c o s t s  
by 15 t o  20 p e r c e n t .  

Author 
A v a i l a b i l i t y :  
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143. The Laminar Flow Control  P re sen t a t i on  f o r  t h e  Aeronaut ical  Systems 
Div is ion ,  May 3-4, 1962. NB 62-105, Norair  Div., Northrop Corp., 
Aug. 1962. 

Primary s u b j e c t  a r e a s  o f  p r e sen t a t i on :  

I LOW DRAG BOUNDARY LAYER SUCTION RESEARCH 

Recent Developments i n  t h e  F i e l d  o f  Low Drag 
Boundary Layer Suct ion . . . . . . . . . . . . . . . . . . . . . .  1 

Low Drag Boundary Layer Suc t ion  Experiments 
a t  Supersonic  Speeds . . . . . . . . . . . . . . . . . . . . . . .  2 3 

Inf luence  o f  Acous t ica l  Disturbances on t h e  Behavior o f  a 
Swept Laminar Suc t ion  Wing . . . . . . . . . . . . . . . . . . . .  3 3 

Theore t i ca l  I n v e s t i g a t i o n  of  Laminar Boundary Layer a t  
Supersonic  Speeds . . . . . . . . . . . . . . . . . . . . . . . . .  45 

I1 THE TECHNOLOGICAL DEMONSTRATION AIRPLANE PROGRAM STATUS 

Development o f  a Wing Configurat ion f o r  Laminar Flow Control  . . .  5 3 

Laminar Flow Control  Suct ion D i s t r i b u t i o n  on Swept Wings . . . . .  6 3 

The Suc t ionSys t em . . . . . . . . . . . . . . . . . . . . . . . .  69 

Wing S t r u c t u r a l  Design . . . . . . . . . . . . . . . . . . . . . .  8 1 



111 LAMINAR FLOW CONTROL AIRCRAFT APPLICATION STUDIES 

Transport  A i r c r a f t  . . . . . . . . . . . . . . . . . . . . . . . .  89 

. . . . . . . . . . . .  Laminar Flow Control  Multipurpose A i r c r a f t  104 

Supersonic  Transport  A i r c r a f t  . . . . . . . . . . . . . . . . . . .  114 

A v a i l a b i l i t y :  
N64 -81625 

144. Amsler, R. C . :  A i r c r a f t  Performance S tud ie s  f o r  t h e  CX-HLS-Type Heavy 
L o g i s t i c  A i r c r a f t .  NOR 64-110, Northrop Corp.,  May 1964. 

Summarizes a r a t h e r  b r i e f  s tudy  o f  t h e  e f f e c t s  of  var ious  con f igu ra t i on  and 
propuls ion  parameters  on t h e  performance of a i r c r a f t  designed t o  s a t i s f y  t h e  
heavy l o g i s t i c  a i r c r a f t  des igna ted  t he  CX-HLS. The r e s u l t s  of  t h e  s tudy  on t h i s  
type of  a i r c r a f t  i n d i c a t e  t h a t  t he  optimum turbofan  bypass r a t i o  i s  approxi-  
mately 10, p rovid ing  approximately a 15 t o  20% g r e a t e r  range than a bypass r a t i o  
o f  2; t h a t  engine regenera t ion  y i e l d s  a f u r t h e r  range i n c r e a s e  o f  10% o r  more; 
and t h a t  LFC on t h e  wing and empennage i n c r e a s e s  range by approximately 30 t o  
40%. The combination can r e s u l t  i n  range inc reases  o f  65 o r  80%. 

A v a i l a b i l i t y :  
NOR 64-110 

145. Newton, J. S . :  Propuls ion and LFC Systems S tud ie s  f o r  Heavy L o g i s t i c  
A i r c r a f t .  NOR 64-109, Northrop Corp. , June 1964. 

The r e l a t i o n s h i p  between primary propuls ion  engines  and t h e  main components 
of  LFC systems i s  d iscussed  and pre l iminary  performance and weight e s t i m a t e s  f o r  
LFC systems a r e  included.  Graphs and ske tches  i l l u s t r a t e  t h e  c h a r a c t e r i s t i c s  
of t h e  systems s tud i ed .  Suggestions f o r  p o s s i b l e  improvements a r e  made. 

A v a i l a b i l i t y :  
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146. Cargo A i r c r a f t  E f f i c i ency  With LFC. 65-6474Y2, Norair  Div., Northrop 
Corp.,  219651. 

The increased  range p o s s i b i l i t i e s ,  o r  t h e  increased  load-car ry ing  capa- 
b i l i t i e s ,  a t  t he  same range wi th  LFC a r e  shown i n  c h a r t s  a s  LFC technology i s  
app l i ed  t o  a C-5 type  a i r c r a f t .  

A v a i l a b i l i t y :  
N79-73467 



147. Skavdahl, Howard: Endurance C a p a b i l i t i e s  o f  Curren t  State-of- the-Art  
Ai rp lanes  With and Without Boundary-Layer Cont ro l .  U.S. A i r  Force 
Pro j ,  RAND Res. Memo. RM-2459, RAND Corp. , Feb. 16,  1960. (Avai lab le  
from DDC a s  AD 316 692.)  

This  r e sea rch  memorandum p r e s e n t s  t he  methods and r e s u l t s  o f  a des ign  s tudy 
concerning t h e  endurance-payload c a p a b i l i t y  of  convent ional  a i r p l a n e  des igns  
based on p r e s e n t  s t a t e  -of - the - a r t  t echnologies .  A l a t e r  p u b l i c a t i o n  w i l l  p r e -  
s e n t  t h e  system c o s t s  f o r  t h e  a i r p l a n e s  desc r ibed  i n  t h i s  memorandum. 

Two gene ra l  types  o f  a i r p l a n e s  a r e  considered he re .  One type  makes use of  
boundary-layer c o n t r o l  (BLC) on t h e  wing and empennage s u r f a c e s  f o r  t he  purpose 
of  reducing drag  du r ing  c r u i s e .  The o t h e r  a i r p l a n e  type  does n o t  use BLC. A l l  
o t h e r  a spec t s  of  t h e  t e c h n i c a l  des ign  of t h e  two types  o f  a i r p l a n e s  a r e  t h e  
same. The des ign  and o p e r a t i o n a l  parameters  i n v e s t i g a t e d ,  and t h e i r  v a r i a t i o n s ,  
a r e  shown below. 

Parameter range 

Gross weight ,  l b  . . . . . . . . . . . .  300,000 - 600,000 
Payload,  l b  . . . . . . . . . . . . . .  25,000 - 150,000 
Design a l t i t u d e ,  f t  . . . . . . . . . .  25,000 - 40,000 
Design v e l o c i t y ,  kn . . . . . . . . . .  175 - 265 

Performance r e s u l t s  i n d i c a t e  t h a t  t h e  optimum wing a spec t  r a t i o  i s  approxi-  
mately 12 f o r  bo th  types  of  a i r p l a n e s ,  whereas t h e  optimum wing th i cknes s  r a t i o  
f o r  t h e  BLC and non-BLC des igns  i s  0.20 and 0.16, r e s p e c t i v e l y .  The endurance 
c a l c u l a t i o n s  show t h a t  a  500,000-lb BLC a i r p l a n e  can remain a i rborne  5 days wi th  
a  payload o f  50,000 l b ,  o r  3 days wi th  a  payload o f  100,000 l b .  The a i r p l a n e s  
designed with BLC have 55 t o  75 p e r  c e n t  g r e a t e r  endurance c a p a b i l i t y  t han  t h e  
a i r p l a n e s  designed wi thout  BLC. An a d d i t i o n a l  advantage of  t h e s e  a i r p l a n e s  i s  
t h e i r  l a r g e  capac i ty ,  pe rmi t t i ng  abundant space f o r  crew r e l a x a t i o n  and f l e x i -  
b i l i t y  i n  payload.  
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148. Higman, Terry:  A Comparison of Laminar Flow Control  and Turbulent  Ai rp lane  
Designs. Doc. No. D6-24211 TN, Boeing Co., 1969. 

A pa rame t r i c  s tudy  has  been conducted t o  e v a l u a t e  t h e  mer i t s  of  apply ing  
laminar  flow c o n t r o l  (LFC) t o  a  commercial a i r p l a n e .  The s tudy  encompasses a  
comparison of LFC and t u r b u l e n t  con f igu ra t i ons  wi th  a  f i x e d  payload (200 pas-  
s enge r s )  a t  des ign  ranges o f  3000 and 5700 n a u t i c a l  mi l e s ,  and a  comparison of  
LFC and t u r b u l e n t  con f igu ra t i ons  wi th  a  f i x e d  engine  s i z e  (TSLS = 25,000 l b )  
f o r  a  des ign  range of  5700 n a u t i c a l  mi les .  For t h e  laminar axrp lanes  a t  t h e  
long  range,  s e n s i t i v i t y  s t u d i e s  a r e  inc luded  t o  show the  i n f luence  of  t h e  LFC 



weight p e n a l t y ,  wing a spec t  r a t i o ,  and l ead ing  edge devices .  Economic d a t a  
showing c o s t  cons ide ra t i ons  of  t h e  s e l e c t e d  con f igu ra t i ons  a r e  p re sen t ed .  
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149. Baranov, A. A . ;  Budzinauskas, M. P . ;  Yenenkov, V. G . ;  Klyachkin, A. L.; 
Maksay, A.  V . ;  Mi l en ' k in ,  Yu. D . ;  Mogilevskiy, G. D . ;  Smirnov, A. G . ;  
Dantsyg, A.  Ya.; and Lebendik, V.  P . :  I s s ledovaniye  da l 'nykh  
pas sazh i r sk ikh  samoletov s usovershenstvovannoy aerodinamikoy i 
perspektivnymi dvigatelyami.  Riga, 1971. 

The book con ta in s  t he  r e s u l t s  o f  research  on long-dis tance passenger  p lanes  
(1=8000 and 15,000 k i lome te r s )  wi th  improved aerodynamic f e a t u r e s  (due t o  t h e  
i n t roduc t ion  of  laminar  flow-around c o n t r o l  systems) and wi th  p rospec t ive  power 
p l a n t s  ( t h i r d  genera t ion  ducted-fan t u r b i n e  engine)  . The e f f e c t  o f  t h e  lamina- 
t i o n  o f  t h e  wing and t h e  t a i l  f i n s  wi th  regard  t o  corresponding t e c h n i c a l  c o s t s  
( t h e  i n t r o d u c t i o n  o f  s p e c i a l  s u c t i o n  engines  o r  dev ices ,  complicat ion and weight- 
i n g  of t h e  cons t ruc t ion  of  t h e  suppor t ing  s u r f a c e s )  on t h e  aerodynamic q u a l i t y ,  
take-off weight  and t h e  th rus t -weight  r a t i o  o f  t h e  a i r p l a n e  and on t h e  t o t a l  
c o s t  o f  t r a n s p o r t s  i s  shown. A comparative t e c h n i c a l  and economic s tudy  o f  t h e  
e f f e c t  of c a l c u l a t e d  Mo Numbers and f l i g h t  a l t i t u d e s  on t h e  t e c h n i c a l  and 
economic c h a r a c t e r i s t i c s  of  long-dis tance p l anes  wi th  s t anda rd  ( t u r b u l e n t )  and 
laminar  flow-around i s  conducted. The expediency o f  u s ing  suc t ion  engines  f o r  
t h e  s u c t i o n  method o f  boundary l a y e r  c o n t r o l  on j e t  f l a p s  wi th  t h e  purpose of  
improving take-off  and landing  c h a r a c t e r i s t i c s  o f  a i r p l a n e s  is  examined. 

The s tudy  was completed by t h e  au tho r s  i n  1969 and i s  f o r  s p e c i a l i s t s  i n  
t he  a r e a  of  a i r p l a n e  and engine cons t ruc t ion ;  it may be used f o r  t h e  degree 
des ign  i n  a v i a t i o n  WZs of  t h e  S o v i e t  Union. 

A v a i l a b i l i t y :  
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150. Ryzhenko, A. I . ;  and I a s i n s k i i ,  F. G . :  Postanovka zadachi p r o e k t i r o v a n i i a  
i a n a l i z a  va r i an tov  se r i i nykh  k o n s t r u k t s i i  s i s t e m  o t s o s a  pogranichnogo 
s l o i a .  Samoletostr .  Tekh. Vozdushn. F l o t a ,  no. 40, 1976, pp. 73-74. 

The paper  d e a l s  wi th  t h e  need t o  work o u t  a  s e t  o f  des ign  s o l u t i o n s  f o r  
boundary l a y e r  s u c t i o n  (BLS) systems t o  minimize drag  on a i r f r ames ,  and t o  pose 
t he  problem of s e l e c t i n g  t h e  b e s t  v a r i a n t s  of  such BLS systems f o r  mass produc- 
t i o n ,  on t h e  b a s i s  of  op t imiza t ion  s t u d i e s .  Sov ie t  and fo re ign  work on opt imi-  
za t i on  o f  thin-wal led a v i a t i o n  s t r u c t u r a l  elements and app l i cab l e  op t imiza t ion  
techniques a r e  reviewed b r i e f l y .  Boundary-layer l amina r i za t i on ,  a i r f r ame  s k i n  
f a b r i c a t i o n  v a r i a n t s ,  and t r a d e o f f s  i n  t h e  design of  BLS su r f ace  a r e  d i scussed .  

A v a i l a b i l i t y  : 
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151. Kulfan, Robert M. ; and Howard, Weston M. : Applicat ion of Advanced Aero- 
dynamic Concepts t o  Large Subsonic Transport  Airplanes.  AFFDL-TR-75-112, 
U.S. A i r  Force,  Nov. 1975. (Avai lable  from DDC a s  AD A019 956.) 

A pre l iminary  design s tudy has been made t o  i d e n t i f y  t he  performance 
advantages obta ined  when advanced aerodynamic technology a i r c r a f t  a r e  used t o  
perform subsonic m i l i t a r y  a i r  missions r equ i r ing  long range (10 000 nmi) o r  high 
endurance (24 h r )  with heavy payloads (250 000 l b  and 400 000 l b ,  r e s p e c t i v e l y ) .  
The s tudy  cons i s t ed  of two phases;  t h e  f i r s t  included eva lua t ing  t h e  performance 
b e n e f i t s  by i n d i v i d u a l l y  applying var ious  advanced aerodynamic concepts and 
recommending a r e a s  where a d d i t i o n a l  research  and development work a r e  necessary 
t o  develop,  apply,  and f u r t h e r  i d e n t i f y  t he  p o t e n t i a l  of t h e  most promising con- 
cep t s .  The second phase included conf igur ing  i n t e g r a t e d  advanced technology 
a i r c r a f t  (long-range a i r p l a n e ,  and high endurance a i r p l a n e )  t h a t  incorpora ted  
the most promising compatible aerodynamic concepts.  Comparisons were made wi th  
corresponding convent ional  aerodynamic technology conf igu ra t ions  designed f o r  
s i m i l a r  missions.  

The r e s u l t s  i n d i c a t e d  t h a t  laminar flow c o n t r o l  o f f e r s  t h e  g r e a t e s t  s i n g l e  
performance b e n e f i t  f o r  l a r g e  m i l i t a r y  t r a n s p o r t  a i r c r a f t .  With 60% of t h e  
wing and t a i l  wet ted a reas  laminar ized ,  f u e l  savings of 29% and gross  weight 
reduct ions  of  17% were i d e n t i f i e d .  Advanced high-speed a i r f o i l s  t h a t  o f f e r  a 
high p r o b a b i l i t y  of  success  were e s t a b l i s h e d  a s  t h e  b e s t  suppor t ing  concept t o  
be u t i l i z e d  i n  combination wi th  o t h e r  advanced concepts.  

Applicat ion of  a compatible s e t  of advanced aerodynamic concepts considered 
f e a s i b l e  f o r  t he  1985 time pe r iod  r e s u l t e d  i n  f u e l  savings o f  63% and weight 
reduct ion  of  42% f o r  t h e  long-range a i rp l ane .  The f u e l  savings and weight 
reduct ion  f o r  t he  high endurance a i rp l ane  were 54% and 2 8 % ,  r e spec t ive ly .  The 
concepts  combined t o  a t t a i n  t hese  improvements were: wingt ip f i n s ,  high-speed 
a i r f o i l s ,  body boundary l a y e r  c o n t r o l  o r  compliant s k i n ,  laminar  flow c o n t r o l ,  
a f t  c e n t e r  of  g r a v i t y ,  wing-body contouring,  and i n t e g r a t i o n  of these  i n t o  a 
conf igura t ion  us ing  a h igh  a spec t  r a t i o  wing. 

Recommendations a r e  given f o r  a d d i t i o n a l  system s t u d i e s  and more d e t a i l e d  
des ign  and development work t o  e s t a b l i s h  more f u l l y  t h e  p o t e n t i a l  o f  t h e  
va r ious  aerodynamic concepts.  
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152. Lee, Godfrey H . :  Unassai lable  Aerodynamic Logic. Aerospace, vo l .  3, 
no. 9 ,  Nov. 1976, pp. 14-28. 

The LFC a i r p l a n e  i s  d iscussed  i n  gene ra l ;  t h e  emphasis be ing  on t h e  work 
of Handley Page a f t e r  World War 11. This work was c a r r i e d  o u t  under t h e  
l e a d e r s h i p  of D r .  Lachmann and i s  b r i e f l y  descr ibed .  

A v a i l a b i l i t y  : 
CN-150,091 



153. Sturgeon,  R.  F , ;  and Bennet t ,  J .  8.: Design Considerat ions f o r  Laminar- 
Flow-Control A i r c r a f t .  Advances i n  Engineering Science - Volume 4 ,  
NASA CP-2001, 1976, pp. 1539-1548. 

A s tudy  was conducted t o  i n v e s t i g a t e  major des ign  cons ide ra t i ons  involved 
i n  t h e  a p p l i c a t i o n  o f  laminar  flow c o n t r o l  t o  t h e  wings and empennage o f  long 
range subsonic  t r a n s p o r t  a i r c r a f t  compatible wi th  i n i t i a l  ope ra t i on  i n  1985. 
For commercial t r a n s p o r t s  wi th  a  design mission range of  10,186 km (5500 n m i l )  
and a  payload of  200 passengers ,  paramet r ic  con f igu ra t i on  ana lyses  were con- 
ducted t o  eva lua t e  t h e  e f f e c t  of a i r c r a f t  performance, o p e r a t i o n a l ,  and geo- 
me t r i c  parameters  on f u e l  e f f i c i e n c y .  Study r e s u l t s  i n d i c a t e  t h a t  major des ign  
goa l s  f o r  a i r c r a f t  op t imiza t ion  inc lude  maximization o f  a s p e c t  r a t i o  and wing 
loading  and minimization o f  wing sweep c o n s i s t e n t  with wing volume and a i r p o r t  
performance requirements .  
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154. Sturgeon,  R. F.;  Bennet t ,  J. A . ;  E tchberger ,  F. R. ;  F e r r i l l ,  R. S . ;  and 
Meade, L. E . :  Study o f  t h e  Applicat ion o f  Advanced Technologies t o  
Laminar-Flow Control  Sys tems f o r  Subsonic Transports .  Volume I : Summary. 
NASA CR-144975, 1976. 

A s tudy was conducted t o  eva lua t e  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of 
applying laminar  flow c o n t r o l  t o  t h e  wings and empennage o f  long-range subsonic  
t r a n s p o r t  a i r c r a f t  compatible wi th  i n i t i a l  ope ra t i on  i n  1985. For a  des ign  
mission range of 10,186 km (5500 n m i ) ,  advanced technology laminar-flow-control 
(LFC) and turbulent-f low (TF) a i r c r a f t  were developed f o r  both 200- and 
400-passenger payloads,  and compared on t h e  b a s i s  o f  p roduct ion  c o s t s ,  d i r e c t  
ope ra t i ng  c o s t s ,  and f u e l  e f f i c i e n c y .  

A s  p a r t  of  t h e  s tudy ,  paramet r ic  ana lyses  were conducted t o  e s t a b l i s h  t h e  
optimum geometry f o r  LFC and TF a i r c r a f t ,  advanced LFC system concepts  and 
arrangements were eva lua t ed ,  and conf igura t ion  v a r i a t i o n s  maximizing t h e  e f f e c -  
t i venes s  of  LFC were developed. For t he  f i n a l  LFC a i r c r a f t ,  ana lyses  were con- 
ducted t o  de f ine  maintenance c o s t s  and procedures ,  manufacturing c o s t s  and pro-  
cedures ,  and o p e r a t i o n a l  cons ide ra t i ons  p e c u l i a r  t o  LFC a i r c r a f t .  

Compared t o  t h e  corresponding advanced technology TF t r a n s p o r t s ,  t h e  200- 
and 400-passenger LFC a i r c r a f t  r e a l i z e d  r educ t ions  i n  f u e l  consumption up t o  
28.2%, reduc t ions  i n  d i r e c t  ope ra t i ng  c o s t s  up t o  8 .4%,  and improvements i n  f u e l  
e f f i c i e n c y ,  i n  ssm/lb of f u e l ,  up t o  39.4%. Compared t o  c u r r e n t  commercial 
t r a n s p o r t s  a t  t he  des ign  range,  t h e  LFC study a i r c r a f t  demonstrate improvements 
i n  f u e l  e f f i c i e n c y  up t o  131%. 

Research and technology requirements r e q u i s i t e  t o  t h e  development of  LFC 
t r a n s p o r t  a i r c r a f t  w e r e  i d e n t i f i e d .  
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155. Sturgeon, R.  F.; Bennet t ,  J. A. ;  Etchberger ,  F. R.;  F e r r i l l ,  R. S . ;  and 
Meade, L. E .  : Study of  t h e  Applicat ion o f  Advanced Technologies t o  
Laminar-Flow Control  Systems f o r  Subsonic Transpor t s ,  Volume P I :  
Analyses. NASA CR-144949, 1996. 

(This  document supersedes pre l iminary  i s s u e  da ted  Jan .  15, 1976. ) 
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156. Sturgeon, R. F. : The Development and Evaluat ion of Advanced Technology 
Laminar-Flow-Control Subsonic Transport  A i r c r a f t .  AIAA paper  78-96, 
Jan.  1978. 

A s tudy  was conducted t o  eva lua t e  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of  
apply ing  laminar  flow c o n t r o l  (LFC) t o  t he  wings and empennage of  long-range 
subsonic  t r a n s p o r t  a i r c r a f t  f o r  i n i t i a l  ope ra t i on  i n  1985. For a des ign  mission 
range o f  5500 n m i ,  advanced technology LFC and turbulent-f low a i r c r a f t  were 
developed for a 200-passenger payload, and compared on the  b a s i s  o f  p roduct ion  
c o s t s ,  d i r e c t  ope ra t i ng  c o s t s ,  and f u e l  e f f i c i e n c y .  Parametr ic  ana lyses  were 
conducted t o  e s t a b l i s h  optimum geometry, advanced system concepts  were evalu-  
a t e d ,  and con f igu ra t i on  v a r i a t i o n s  maximizing t h e  e f f e c t i v e n e s s  o f  LFC were 
developed. The f i n a l  comparisons inc lude  cons idera t ion  o f  maintenance c o s t s  
and procedures ,  manufacturing c o s t s  and procedures ,  and ope ra t i ona l  considera-  
t i o n s  p e c u l i a r  t o  LFC a i r c r a f t .  
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157. Lovel l ,  W .  A . ;  P r i c e ,  J. E. ;  Quartero,  C .  B . ;  T u r r i z i a n i ,  R. V . ;  and 
Washburn, G. F.: Design o f  a Large Span-Distr ibuted Load Flying-Wing 
Cargo Airplane With Laminar Flow Control .  NASA CR-145376, 1978. 

A des ign  s tudy  was conducted t o  add laminar flow c o n t r o l  t o  a p r ev ious ly  
des ign  span -d i s t r i bu t ed  load  a i r p l a n e  while main ta in ing  cons tan t  range and pay- 
load .  With laminar  flow c o n t r o l  app l i ed  t o  100 pe rcen t  of  t he  wing and v e r t i c a l  
t a i l  chords,  t h e  empty weight  increased  by 4.2 pe rcen t ,  t h e  drag  decreased  by 
27.4 p e r c e n t ,  t h e  r equ i r ed  engine t h r u s t  decreased by 14.8 pe rcen t ,  and the  f u e l  
consumption decreased by 21.8 percent .  When laminar flow c o n t r o l  was app l i ed  t o  
a lesser e x t e n t  o f  t h e  chord (approximately 80 p e r c e n t ) ,  t h e  empty weight 
i nc reased  by 3.4 pe rcen t ,  t h e  drag  decreased by 20.0 pe rcen t ,  t he  r equ i r ed  
engine  t h r u s t  decreased by 13.0 pe rcen t ,  and t h e  f u e l  consumption decreased by 
16.2 pe rcen t .  I n  both c a s e s  t he  r equ i r ed  take-off g ross  weight o f  t h e  a i r c r a f t  
was less than t h e  o r i g i n a l  t u r b u l e n t  a i r c r a f t  . 
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158. J e r n e l l ,  Lloyd S.:  E f f e c t s  of Laminar Flow Control  on the  Performance of  
a Large Span-Distributed-Load Flying-Wing Cargo Airplane Concept. 
NASA TM 78715, 1978. 



A s tudy was conducted t o  determine the  e f f e c t s  of  laminar flow c o n t r o l  on 
the  performance of a  Large span-dis tr ibuted-load flying-wing cargo a i r p l a n e  con- 
c e p t  having a  design payload of 2.669 MN (600 000 l b f )  and range of 5.93 Mm 
( 3  200 n.mi.)  . Two conf igura t ions  were considered.  One employed laminarized 
flow over  t h e  e n t i r e  su r f aces  of the wing and v e r t i c a l  t a i l s ,  with t h e  excep- 
t i o n  of the  es t imated  a reas  of i n t e r f e r e n c e  due t o  t he  fuse lage  and engines ,  
The o the r  case d i f f e r e d  only i n  t h a t  laminar flow was no t  appl ied  t o  t h e  f l a p s ,  
e levons,  s p o i l e r s ,  o r  rudders .  The two cases a r e  r e f e r r e d  t o  a s  t he  100 pe rcen t  
and 80 pe rcen t  laminar conf igura t ions ,  r e spec t ive ly .  

The u t i l i z a t i o n  of laminar flow con t ro l  r e s u l t s  i n  reduct ions  i n  t he  s t an -  
dard day, s ea  l e v e l  i n s t a l l e d  maximum s t a t i c  t h r u s t  p e r  engine from 240 kN 
(54 000 l b f )  f o r  the  non-LFC conf igura t ion  t o  205 kN (46 000 l b f )  f o r  t h e  
100 percent  laminar conf igura t ion  and 209 kN (47 000 l b f )  f o r  the 80 pe rcen t  
case.  Weight i nc reases  due t o  t he  LFC systems cause inc reases  i n  t h e  ope ra t ing  
empty weights of  approximately 3 t o  4 pe rcen t .  The design takeoff  gross  weights 
decrease approximately 3 t o  5 pe rcen t .  The FAR-25 takeoff  f i e l d  d i s t a n c e s  f o r  
t h e  LFC conf igura t ions  a r e  g r e a t e r  by about 6  t o  7 pe rcen t .  Block t imes  a r e  
v i r t u a l l y  unaf fec ted  by the  u t i l i z a t i o n  of LFC. A s  compared t o  the  non-LFC 
conf igura t ion ,  block f u e l  weights a r e  reduced 24 pe rcen t  f o r  t he  100 laminar  
conf igura t ion  and 18 pe rcen t  f o r  the  80 percent  case.  Fuel e f f i c i e n c i e s  f o r  
the r e spec t ive  conf igura t ions  a r e  increased  33 pe rcen t  and 23 pe rcen t .  
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159. T u r r i z i a n i ,  R. V . ;  Lovel l ,  W .  A . ;  P r i c e ,  J. E. ;  Quartero,  C. B . ;  and 
Washburn, G .  F.:  Prel iminary Design C h a r a c t e r i s t i c s  of  a  Subsonic 
Business-Jet Concept Employing Laminar Flow Control .  NASA CR-158958, 
1978. 

A i r c r a f t  conf igura t ions  were developed with laminar  flow con t ro l  (LFC) and 
without  LFC. The LFC conf igura t ion  had approximately eleven pe rcen t  l e s s  para-  
s i t e  drag and a  seven percent  i nc rease  i n  the  maximum l i f t - t o - d r a g  r a t i o .  
Although these  aerodynamic advantages were p a r t i a l l y  o f f s e t  by the  a d d i t i o n a l  
weight of t he  LFC system, the  LFC a i r c r a f t  burned from s i x  t o  e i g h t  percent  l e s s  
f u e l  f o r  comparable missions.  For t he  t r a n s - a t l a n t i c  design mission with the  
gross  weight f i xed ,  the LFC conf igura t ion  would ca r ry  a  g r e a t e r  payload f o r  t en  
percent  f u e l  pe r  passenger mile .  

160. Kulfan, Robert M. ; and Vachal, John D. : Applicat ion of Laminar Flow Con- 
t r o l  t o  Large Subsonic Mi l i t a ry  Transport  Airplanes.  AFFDL-TR-77-65, 
U. S. A i r  Force, Ju ly  1977. (Available from DDC a s  AD A052 422. ) 

A pre l iminary  design s tudy has been made t o  i n v e s t i g a t e  the impact of t h e  
app l i ca t ion  of laminar flow con t ro l  on the  performance, weight,  f u e l  consump- 
t i o n ,  and economics o f  a  l a r g e  t r a n s p o r t  a i rp l ane  designed t o  car ry  a  heavy 
payload (350,000 l b )  f o r  a  long range (10,000 nmi) .  The s tudy was conducted i n  
t h ree  phases.  In  the f i r s t  phase, conceptual design inves t iga t ions  were con- 



ducted t o  i d e n t i f y  t he  f e a t u r e s  of an LFC a i rp l ane  optimized t o  accomplish t h e  
mission o b j e c t i v e s  . A re ference  t u r b u l e n t  a i r p l a n e  a l s o  was developed i n  t h i s  
phase. Design and ana lys i s  s t u d i e s  were made t o  develop t h e  f i n a l  LFC configu- 
r a t i o n .  This conf igura t ion  was s i z e d  t o  determine the  gross  weight ,  engine 
s i z e ,  wing a r e a ,  and f u e l  requirements necessary t o  achieve the  design mission. 
Various performance t r ade  and s e n s i t i v i t y  s t u d i e s  were conducted f o r  t he  turbu-  
l e n t  and LFC a i r p l a n e s  i n  t h e  t h i r d  phase.  Life-cycle  and ope ra t ing  c o s t  eva l -  
ua t ions  were a l s o  made. A v a l i d  assessment of an LFC a i r p l a n e  must be preceded 
by an ex tens ive  des ign ,  development, and f l i g h t  t e s t  program. Consequently, 
t h i s  s tudy focused on i d e n t i f y i n g  t h e  r e l a t i v e  b e n e f i t s  from applying LFC, and 
on the  s e n s i t i v i t i e s  of  t hese  r e l a t i v e  b e n e f i t s  t o  t h e  cu r r en t  major LFC 
unce r t a in ty  i tems.  
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161. Laminar Flow Control Airplane Demonstration Program: LFC Airplane 
Operat ional  & Cost ~ n a l y s i s .  NOR-61-143 (Contract  AF 33 (600) -42052) , 
Northrop Corp. , Apr. 1964. (Avai lable  from DDC a s  AD 601 735.) 

This  r e p o r t  p re sen t s  ope ra t iona l  and c o s t  ana lyses  of service- type a i r -  
c r a f t  i nco rpora t ing  Northrop Nora i r ' s  Laminar Flow Control System. This  i s  
one of a  s e r i e s  o f  t h r e e  r epo r t s  p re sen t ing  f i n a l  r e s u l t s  o f  the  X-21A Laminar 
Flow Control Airplane Demonstration Program conducted under USAF Cont rac t  
AF 33(600)-42052. Other r e p o r t s  i n  t h e  s e r i e s  a r e ;  "LFC Airplane Design Data,"  
Report NOR-61-141, and "LFC Airplane Manufacturing Techniques, " Report 
NOR-61-142. 

The ope ra t iona l  a n a l y s i s  i n d i c a t e s  the  primary ope ra t iona l  requirements of  
LFC systems a r e  those r e l a t e d  t o  smoothness and c l ean l ines s  of  t he  su r f aces  and 
t o  the  opera t ion  and con t ro l  of  t he  suc t ion  system. P re sen t  i n d i c a t i o n s  a r e  
that sur face  smoothness and c l e a n l i n e s s  can be assured by a  combination of 
app ropr i a t e  i n spec t ion  and cleaning procedures during p r e f l i g h t  ope ra t ions ,  and 
t h e  use of s u i t a b l e  i n - f l i g h t  procedures  during adverse weather condi t ions .  
Procedures and techniques r e l a t e d  t o  opera t ion  of the suc t ion  system a r e  s imple,  
and requirements f o r  system adjustments dur ing  f l i g h t  a r e  minimal; hence, t h e s e  
func t ions  can be i n t e g r a t e d  with e x i s t i n g  d u t i e s  o f  the  f l i g h t  engineer .  

Other ope ra t iona l  c h a r a c t e r i s t i c s  considered i n  this a n a l y s i s  a r e  e f f e c t s  
of  the  l o s s  of  laminar  flow on mission performance and f l y i n g  q u a l i t i e s .  
Resul t s  of t h i s  a n a l y s i s  i n d i c a t e  no major opera t iona l  problems w i l l  be  
encountered with service-type LFC a i r p l a n e s .  

The f i r s t  p a r t  of the  c o s t  a n a l y s i s  i s  concerned with procurement c o s t s  and 
the  second i n  e s t ima t ing  d i r e c t  ope ra t ing  c o s t s .  Costs a r e  compared with turbu-  
l e n t  and laminar a i r c r a f t .  DOC sav ings  could be 8-16%. 
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162. Jobe, C. E .  ; Kulfan, R. M. ; and Vachal, J. D. : Appl ica t ion  o f  Laminar 
Flow Control  t o  Large Subsonic M i l i t a r y  Transport  Airplanes.  AIAA 
Paper 78-95, Jan.  1978. 

A s tudy of performance inc rease  t h a t  could r e s u l t  from applying advanced 
aerodynamic concepts  t o  l a r g e ,  long-range m i l i t a r y  t r a n s p o r t  a i r c r a f t  showed 
t h a t  laminar flow c o n t r o l  (LFC) o f f e r e d  t h e  l a r g e s t  p o t e n t i a l .  A more in-depth 
des ign  study then i n v e s t i g a t e d  t h e  impact of  LFC on t h e  performance, weight ,  
f u e l  consumption, and economics of  a  m i l i t a r y  t r a n s p o r t  designed t o  c a r r y  
350,000 l b  10,000 nmi. The des ign  s tudy  i d e n t i f i e s  t he  optimum wing planform 
and c r u i s e  speed, t h e  r e l a t i v e  performance inc reases  from d i f f e r e n t  amounts of  
LFC, and s e n s i t i v i t i e s  t o  t h e  major LFC unce r t a in ty  i t ems;  i . e . ,  i nc reased  
systems weight,  complexity,  and maintenance, which can only be q u a n t i f i e d  by 
des ign ,  development, and f l i g h t  t e s t .  
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163. Eckard, Glenn J.; Hat ley ,  James P . ;  and Hoefs, Kenneth N. :  Laminar Flow 
Control  Airplane Performance Methods. Doc. No. D6-6619, Boeing Co., 
Jan. 1964. 

The a n a l y s i s  o f  a laminar flow a i r p l a n e  a s  compared t o  a  t u r b u l e n t  a i r p l a n e  
i s  unique i n  t h a t  t h e r e  is  an i n t e r a c t i o n  of t he  t h r u s t  and d rag  f o r c e s ,  whereas 
i n  a  t u r b u l e n t  a i r p l a n e  des ign ,  they a r e  e s s e n t i a l l y  independent.  This r e p o r t  
p r e s e n t s  a  method of  a n a l y s i s  (aerodynamic and p ropu l s ive )  f o r  an a i r p l a n e  
employing laminar  flow c o n t r o l  (LFC) f o r  d rag  reduc t ion .  The t h r u s t  and drag  
terms o r i g i n a t i n g  from t h e  a p p l i c a t i o n  of  LFC a r e  c o n s i s t e n t l y  app l i ed  t o  bo th  
t he  t h r u s t  c a l c u l a t i o n  and t h e  a i ~ p l a n e  drag  c a l c u l a t i o n .  A b r i e f  d e s c r i p t i o n  
o f  t h e  primary cons ide ra t i ons  i n  e s t a b l i s h i n g  t h r u s t ,  d r ag  and f u e l  flow of  a 
subsonic  a i r p l a n e  t o  which LFC has been app l i ed  i s  given. 
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164. Pfenninger ,  W. ; Raetz,  G. S.  ; and Brown, W. B. : Note on Design Problems of  ' 

Swept Laminar Suc t ion  Wings. Rep. No. NAI-55-549, BLC-79, Northrop Air- 
c r a f t ,  I n c . ,  May 1955. (Avai lable  from DDC a s  AD 79 343.) (Also a v a i l -  
ab l e  i n  Summary o f  Laminar Boundary Layer Control  Research, WADC Tech. 
Rep. 56-111, Apr. 1957, pp. 146-175. (Avai lab le  from DDC a s  AD 130 759.) ) 

The minimum suc t ion  q u a n t i t y  r equ i r ed  t o  maintain 100% laminar  flow on a 
swept wing a t  moderately high Reynolds numbers was es t imated .  For a  6%-thick 
40°-swept wing a t  a  f l i g h t  Mach number of 0.9, a  f l i g h t  Reynolds number of l o 7 ,  
and a  l i f t  c o e f f i c i e n t  o f  0 . 3 ,  the  suc t ion  q u a n t i t y  on t h e  upper wing su r f ace  
has  t o  be  increased  by 40%, a s  corn-pared with a  s t r a i g h t  wing wi th  t h e  same 
r e s u l t a n t  incremental  v e l o c i t i e s .  However, t h e  range of  a  laminar suc t ion  



a i r p l a n e  p r o p e l l e d  by gas  t u r b i n e s  ( f e d  wi th  ram a i r )  d r i v i n g  s e p a r a t e  s u c t i o n  
compressors i s  p r a c t i c a l l y  unaf fec ted  by t h e  increased  suc t ion  q u a n t i t i e s  
r equ i r ed  by wing sweep. 
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165. Bonner, Tom F . ,  Jr.; P r i d e ,  Joseph D . ,  Jr.; and Ferna ld ,  William W . :  
A i r c r a f t  Energy Ef f i c i ency  Laminar Flow Control  Wing Design Study. 
NASA TM 78634, 1977. 

An eng inee r ing  design s tudy  was made o f  a  commercial-passenger-type long 
range a i r c r a f t  w i th  laminar  flow c o n t r o l  (LFC) app l i ed  t o  i t s  wings. The objec-  
t i v e  of  t h i s  eng inee r ing  des ign  s tudy was t o  perform t h e  necessary  des ign  and 
ana lyses  t o  conf igure  an i n t e g r a t e d  LFC wing, i nc lud ing  a l l  of  t h e  subsystem 
i n t e r f a c e s  a s s o c i a t e d  with a  t y p i c a l  wing des ign  p l u s  those  s p e c i a l  requirements  
r e l a t e d  t o  t h e  LFC systems. 

The LFC-aircraf t  con f igu ra t i on  s e l e c t e d  f o r  t h i s  des ign  s tudy  was s i z e d  f o r  
a  range of 10,192.5 km (5500 n.  m i . )  wi th  200 t o u r i s t  c l a s s  passengers  i n  7  
a b r e a s t  s e a t i n g ,  p l u s  4,535.9 kg (10,000 lbm.) cargo and a  F.A.R. take-off  f i e l d  
l e n g t h  n o t  t o  exceed 3,200 m (10,500 f t .  ) . 

The des ign  mission was f o r  c r u i s e  a t  M = . 8  a t  a  c e i l i n g  o f  11,582 m 
(38,000 f t .  ) . The a i r p l a n e  achieved a  c r u i s e  L/D r a t i o  o f  25.2; approximately 
2 5 %  b e t t e r  i n  performance than wi th  LFC system inope ra t i ve .  The t o t a l  f u e l  
r e q u i r e d  f o r  t h e  10,192.5 km (5500 n .  m i . )  miss ion was 56,698.7 kg 
(125,000 lbm. ) . 

S t r u c t u r a l  i n t e g r a t i o n  o f  t h e  LFC system s l o t s ,  i - e . ,  duc t ing  and plenum 
compartment, was eva lua ted .  Two s t r u c t u r a l  m a t e r i a l s ,  aluminum and t i t an ium,  
were eva lua t ed  and compared. The r e s u l t s  o f  t h i s  design study i n d i c a t e s  t h a t  
LFC can be e f f e c t i v e l y  i n t e g r a t e d  i n t o  t he  wing s t r u c t u r e  us ing  both s t anda rd  
aluminum and advanced t i t a n i u m  technology and t h e  t i t an ium technology can be 
expected t o  y i e l d  a  l i g h t e r  weight design.  
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166. CTOL Transpor t  Technology - 1978. NASA CP-2036, P t .  I ,  1978. 

The proceedings  o f  t h e  NASA CTOL Transpor t  Technology Conference he ld  a t  
Langley Research Center  February 28 - March 3, 1978, a r e  presen ted  i n  t h i s  



compilat ion.  New technology generated by NASA in-house and c o n t r a c t  e f f o r t s ,  
i nc lud ing  the  ongoing A i r c r a f t  Energy Eff ic iency  (ACEE) program, i n  t h e  var ious  
d i s c i p l i n a r y  a reas  s p e c i f i c a l l y  a s soc i a t ed  with advanced convent ional  take-off 
and landing  (CTOL) t r a n s p o r t  a i r c r a f t  a r e  presented .  The conference was d iv ided  
i n t o  s i x  s e s s ions :  

1. A s e s s ion  on propuls ion  addressed j e t  engine performance d e t e r i o r a t i o n  
and improvement; energy e f f i c i e n t  engine design and i n t e g r a t i o n ;  advanced turbo- 
props ,  engine ma te r i a l s ,  n o i s e ,  and emissions; and broad s p e c i f i c a t i o n  f u e l s .  

2. A s e s s ion  on s t r u c t u r e s  and ma te r i a l s  addressed s t r u c t u r a l  s i z i n g  
methodology; environmental e f f e c t s  of composites; and a p p l i c a t i o n s  o f  advanced 
composite ma te r i a l s .  

3. A s e s s ion  on laminar flow c o n t r o l  addressed i n s e c t  contamination and 
a l l e v i a t i o n ;  suc t ion  p r e d i c t i o n  techniques;  porous m a t e r i a l s ;  and laminar  flow 
a p p l i c a t i o n s .  

4. A s e s s ion  on advanced aerodynamics and a c t i v e  c o n t r o l s  technology 
addressed advanced wings, wingle ts ,  and n a c e l l e s ;  aerodynamic flow c a l c u l a t i o n  
techniques;  f a u l t - t o l e r a n t  computers; and a c t i v e  con t ro l  a p p l i c a t i o n s .  

5 .  A s e s s ion  on opera t ions  and s a f e t y  addressed s a f e t y  research;  wake 
vor tex  phenomena; advanced landing-gear research;  no i se  p r e d i c t i o n ;  improved 
te rmina l  a r e a  opera t ions ;  a i r l i n e  ope ra t ing  c o s t s ;  and a  method f o r  cos t /bene f i t  
a n a l y s i s  f o r  ae ronau t i ca l  research  and technology. 

6 .  A s e s s ion  on advanced systems addressed developments i n  shor t -haul  and 
supersonic  t r a n s p o r t  research;  coal-derived f u e l s  and a i r c r a f t  systems; and 
advanced t r a n s p o r t  concepts.  

Kramer, James J . :  Overview of NASA CTOL Program. 

Technology generated by NASA and s p e c i f i c a l l y  o r i e n t e d  toward advanced com- 
merc ia l  a i r  t r a n s p o r t  i s  reviewed. Resul t s  o f  t h e  A i r c r a f t  Energy Ef f i c i ency  
program and of r e l a t e d  d i s c i p l i n a r y  a r e a s  a r e  repor ted .  The CTOL re sea rch  
e f f o r t s  a r e  p u t  i n t o  pe r spec t ive  r e l a t i v e  t o  t h e  t o t a l  NASA ae ronau t i c s  program. 

Muraca, Ralph J.:  Laminar Flow Control Overview. 

Applicat ion of laminar  flow c o n t r o l  technology t o  f u t u r e  CTOL long range 
t r a n s p o r t  a i r c r a f t  was considered.  Topics covered inc lude :  (1) a i r f o i l  develop- 
ment and t e s t ;  (2)  development and improvement of design methods; ( 3 )  evalua t ion  
of l ead ing  edge contamination; and (4)  laminar flow c o n t r o l  system d e f i n i t i o n  
and concept eva lua t ion .  

Pe t e r son ,  John B . ,  Jr. ; and F i s h e r ,  David F. : F l i g h t  I n v e s t i g a t i o n  of  
I n s e c t  Contamination and Its Al l ev ia t ion .  

An i n v e s t i g a t i o n  of l ead ing  edge contamination by i n s e c t s  was conducted 
with a  J e t S t a r  a i r p l a n e  instrumented t o  d e t e c t  t r a n s i t i o n  on the  outboard lead-  
i ng  edge f l a p  and equipped with a  system t o  spray the  l ead ing  edge i n  f l i g h t .  



The r e s u l t s  o f  a i r l i n e  type  f l i g h t s  wi th  t h e  J e t S t a r  i n d i c a t e d  t h a t  i n s e c t s  can 
contaminate t he  l e a d i n g  edge du r ing  t akeo f f  and climbout.  The r e s u l t s  a l s o  
showed t h a t  t h e  i n s e c t s  c o l l e c t e d  on t h e  l ead ing  edges a t  180 knots  d i d  n o t  
erode a t  c r u i s e  cond i t i ons  f o r  a  laminar flow c o n t r o l  a i r p l a n e  and caused p re -  
mature t r a n s i t i o n  of t h e  laminar boundary l a y e r .  None of  t h e  s u p e r s l i c k  and 
hydrophobic s u r f a c e s  t e s t e d  showed any s i g n i f i c a n t  advantages i n  a l l e v i a t i n g  
t he  i n s e c t  contaminat ion problem. While t h e r e  may be  o t h e r  s o l u t i o n s  t o  t h e  
i n s e c t  contaminat ion problem, t h e  r e s u l t s  of  t he se  t e s t s  wi th  a  spray  system 
showed t h a t  a  cont inuous water  spray whi le  encounter ing t h e  i n s e c t s  i s  e f f e c t i v e  
i n  p reven t ing  i n s e c t  contamination of t h e  l ead ing  edges.  

Srokowski, Andrew J.: Development of Advanced S t a b i l i t y  Theory Suc t ion  
P r e d i c t i o n  Techniques f o r  Laminar Flow Control .  

The problem o f  ob t a in ing  accu ra t e  e s t i m a t e s  o f  s u c t i o n  requirements on 
swept laminar flow c o n t r o l  wings was d i scussed .  A f a s t  a ccu ra t e  computer code 
developed t o  p r e d i c t  s u c t i o n  requirements  by i n t e g r a t i n g  d i s tu rbance  ampl i f ica-  
t i o n  r a t e s  was desc r ibed .  Assumptions and approximations used i n  t h e  p r e s e n t  
computer code a r e  examined i n  l i g h t  o f  flow condi t ions  on t h e  swept wing which 
may l i m i t  t h e i r  v a l i d i t y .  

A l l i son ,  Dennis 0.; and Dagenhart, John R.:  Design of  a  Laminar-Flow- 
Control  S u p e r c r i t i c a l  A i r f o i l  f o r  a  Swept Wing. 

An a i r f o i l  was a n a l y t i c a l l y  designed and analyzed f o r  a  combination o f  
s u p e r c r i t i c a l  f low and laminar  flow c o n t r o l  (LFC) by boundary l a y e r  s u c t i o n .  A 
shockless  i n v e r s e  method was used t o  des ign  an a i r f o i l  and an a n a l y s i s  method 
was used i n  lower su r f ace  redes ign  work. The laminar  flow p re s su re  d i s t r i b u -  
t i o n s  were computed without  a  boundary l a y e r  under t h e  assumption t h a t  t h e  
laminar  boundary l a y e r  would be kep t  t h i n  by suc t ion .  I n v i s c i d  c a l c u l a t i o n s  
showed t h a t  t h i s  13.5 p e r c e n t  t h i c k  a i r f o i l  has  shockless  flows f o r  cond i t i ons  
a t  and below t h e  des ign  normal Mach number of  0.73 and t h e  des ign  s e c t i o n  l i f t  
c o e f f i c i e n t  of  0.60, and t h a t  t h e  maximum l o c a l  normal Mach number i s  1.12 a t  
t h e  des ign  p o i n t .  The laminar boundary l a y e r  i n s t a b i l i t i e s  can be c o n t r o l l e d  
wi th  suc t ion  b u t  t h e  undercut l e ad ing  edge o f  t h e  a i r f o i l  p rovides  a  l o w  
v e l o c i t y ,  cons t an t  p r e s s u r e  c o e f f i c i e n t s  reg ion  which i s  conducive t o  laminar  
flow without  s u c t i o n .  The a i r f o i l  was designed t o  be capable  of  l i f t  recovery 
wi th  no s u c t i o n  by t h e  d e f l e c t i o n  o f  a  sma l l  t r a i l i n g  edge f l a p .  

Gra tzer ,  L. B . ;  and George-Falvy, D. :  Appl icat ion o f  Laminar Flow Cont ro l  
Technology t o  Long-Range Transpor t  Design. 

The impact of  laminar flow c o n t r o l  (LFC) technology on a i r c r a f t  s t r u c t u r a l  
des ign  concepts  and systems was d i scussed  and t h e  corresponding b e n e f i t s  were 
shown i n  terms o f  performance and f u e l  economy. S p e c i f i c  t o p i c s  d i s cus sed  
inc lude :  (1) r e c e n t  advances i n  laminar boundary l a y e r  development and s t a -  
b i l i t y  a n a l y s i s  techniques i n  terms of  s u c t i o n  requirements and wing s u c t i o n  
s u r f a c e  des ign ;  ( 2 )  v a l i d a t i o n  o f  theory and r e a l i s t i c  s imula t ion  of  d i s t u r -  
bances and of f -des ign  condi t ions  by wind tunne l  t e s t i n g ;  ( 3 )  compa t ib i l i t y  o f  
aerodynamic des ign  of  a i r f o i l s  and wings with LFC requirements;  ( 4 )  s t r u c t u r a l  
a l t e r n a t i v e s  i nvo lv ing  advanced a l l o y s  o r  composites i n  combinations made p o s s i -  
b l e  by advanced m a t e r i a l s  p rocess ing  and manufacturing techniques ;  ( 5 )  a d d i t i o n  



of suc t ion  compressor and d r i v e  u n i t s  and t h e i r  l o c a t i o n  on the  a i r c r a f t ;  and 
(6)  problems a s soc i a t ed  with opera t ion  of LFC a i r c r a f t ,  i nc lud ing  accumulation 
of i n s e c t s  a t  low a l t i t u d e s  and environmental cons idera t ions .  

Sturgeon,  R. F.:  Toward a Laminar-Flow-Control Transport .  

Analyses were conducted t o  d e f i n e  a p r a c t i c a l  design f o r  an advanced tech-  
nology laminar  flow c o n t r o l  (LFC) t r a n s p o r t  f o r  i n i t i a l  passenger  opera t ion  i n  
t he  e a r l y  1990 ' s .  Mission requirements ,  appropr ia te  design c r i t e r i a ,  and l e v e l  
of technology f o r  t he  s tudy a i r c r a f t  were defined.  The c h a r a c t e r i s t i c s  of t h e  
s e l e c t e d  conf igura t ion  were e s t a b l i s h e d ,  a i r c r a f t  and LFC subsystems compatible 
with t h e  mission requirements were def ined ,  and the  a i r c r a f t  was eva lua ted  i n  
terms of f u e l  e f f i c i e n c y .  A wing des ign  i n t e g r a t i n g  t h e  LFC duc t ing  and meter- 
i n g  system i n t o  advanced composite wing s t r u c t u r e  was developed, manufacturing 
procedures  f o r  t h e  su r f ace  panel  des ign  were e s t a b l i s h e d ,  and environmental and 
s t r u c t u r a l  t e s t i n g  of  su r f ace  panel  components were conducted. Tes t  r e s u l t s  
revea led  a requirement f o r  r e l a t i v e l y  minor changes i n  t h e  manufacturing pro- 
cedures employed, b u t  have shown t h e  genera l  compa t ib i l i t y  of both t h e  s e l e c t e d  
design and t h e  use of  composite m a t e r i a l s  with t h e  requirements of LFC wing 
s u r f  ace panels .  

Pearce,  Wilfred E . :  Applicat ion of  Porous Mater ia l s  f o r  Laminar Flow 
Cont ro l .  

F a i r l y  smooth porous ma te r i a l s  were e l e c t e d  f o r  s tudy  Doweave; Fibermetal ;  
Dynapore; and pe r fo ra t ed  t i t an ium s h e e t .  Fac tors  examined inc lude :  su r f ace  
smoothness; suc t ion  c h a r a c t e r i s t i c s ;  po ros i ty ;  sur face  impact r e s i s t a n c e ;  and 
s t r a i n  compa t ib i l i t y .  A laminar flow c o n t r o l  suc t ion  glove arrangement was 
i d e n t i f i e d  with m a t e r i a l  combinations compatible with thermal expansion and 
s t r u c t u r a l  s t r a i n .  

A v a i l a b i l i t y  : 
N78-2 7046 

167. Pfenninger ,  W. ; and Bacon, John W.  , Jr . : Note About t he  Range Performance 
of Future Long Range Low Drag Suct ion Airplanes With P a r t i a l l y  Supersonic 
Range. Summary of Laminar Boundary Layer Control Research, WADC Tech. 
Rep. 56-111, Apr. 1957, pp. 339-351. (Avai lable  from DDC a s  AD 130 759.) 

Completely laminar flow and very low p r o f i l e  drags have been achieved on 
wings i n  f l i g h t  a t  high Reynolds numbers by means o f  boundary l a y e r  suc t ion  
(References 1 through 4 )  . Extensive laminar iza t ion  of an a i r p l a n e  a s  a r e s u l t  
of low drag  boundary l a y e r  suc t ion  w i l l  i nc rease  the  a i r p l a n e  l i f t  t o  drag r a t i o  
considerably and, i n  add i t i on ,  w i l l  s l i g h t l y  reduce the  s p e c i f i c  f u e l  consump- 
t i o n  (References 6 and 7 ) .  These r e s u l t s  w i l l  enable increased  ranges a t  a l l  
a l t i t u d e s  above approximately 20,000 f e e t .  The ques t ion  then a r i s e s  a s  t o  how 
low drag  boundary l a y e r  con t ro l  can b e s t  be appl ied  t o  a i r p l a n e s  wi th  extreme 
ranges. 

The purpose of the  p re sen t  s tudy  i s  t o  show the  p o s s i b l e  range performance 
of a fu tu re  subsonic-supersonic long range bomber-type a i r p l a n e  wi th  low drag  



boundary l a y e r  con t ro l .  Technical  improvements (propuls ion ,  f u e l  , aerodynamics, 
s t r u c t u r e s ,  m a t e r i a l s )  which might be f e a s i b l e  i n  t he  f u t u r e  have been taken 
i n t o  account i n  t h e  gene ra l  design cons ide ra t ion ,  

Author 
A v a i l a b i l i t y :  

N78-75293 
CN-56122 
N78-76390 
N-5 3889 
AD 130 759 

168. Craven, A. H . ;  and Hopkins, H .  L . :  On t h e  Applicat ion of Boundary Layer 
Control t o  a S lender  Wing Supersonic A i r l i n e r  Cruis ing  a t  M = 2.2. 
Rep. No. 157, Col l .  o f  Aeronaut. ,  C ran f i e ld  (England),  Apr. 1962. 

The use of s u c t i o n  o r  i n j e c t i o n  t o  reduce t h e  drag  o f  a supersonic  a i r l i n e r  
i s  considered.  I t  is shown t h a t  i n j e c t i o n  g ives  no reduct ion i n  ope ra t ing  c o s t s .  
With s u c t i o n  app l i ed  t o  an M = 2.2 a i r c r a f t  on t h e  London-New York r o u t e ,  t he  
b a s i c  ope ra t ing  c o s t  o f  13.30d p e r  s h o r t  ton  s t a t u t e  mile  i s  expected t o  be 
reduced by 0.5d f o r  t h e  same payload,  assuming no change i n  conf igura t ion .  If  
the t h e o r e t i c a l  maximum s k i n  f r i c t i o n  reduct ion  could be obta ined ,  t h e  payload 
could be increased  by 4750 l b . ,  and the  d i r e c t  ope ra t ing  c o s t  could be reduced 
t o  10.63d p e r  s h o r t  ton  s t a t u t e  mile.  

Author 
A v a i l a b i l i t y  : 

N62-17292 

169. S e i f f ,  Alvin: The Prospects  f o r  Laminar Flow on Hypersonic Airplanes.  
NACA RM A58D25, 1958. 

The f a c t o r s  which a f f e c t  the  e x t e n t  of  laminar  flow on a i r p l a n e s  f o r  hyper- 
s o n i c  f l i g h t  a r e  d iscussed  on the  b a s i s  of  t h e  a v a i l a b l e  da t a .  Fac tors  con- 
s i d e r e d  inc lude  f l i g h t  Reynolds number, su r f ace  roughness, angle  of a t t a c k ,  
angle  of  leading-edge sweepback, and aerodynamic i n t e r f e r e n c e .  Tes t  d a t a  a r e  
p re sen ted  f o r  one complete conf igura t ion .  

Author 

170. Study of the F e a s i b i l i t y  of ~ e l a y i n g  Trans i t i on  on Hypersonic Cones by 
Suct ion.  Rep. No. NOR 67-101 (Contract  AF 04 (694) -381) , Northrop 
Corp . , May 1967. (Avai lable  from DDC a s  AD 381 327. ) 

A v a i l a b i l i t y  : 
X73-73640 
NOR 67-101 
AD 381 327 



171. Smith, Maurice H .  : Bibliography on Boundary Layer Control .  L i t .  Search 
No. 6 ,  James F o r r e s t a l  Res. Cent. ,  Pr ince ton  Univ., Jan.  14, 1955. 

Emphasis was p laced  upon 1950 - l a t e  1954, though some e a r l i e r  papers  a r e  
included.  Most of t he  i t ems  p e r t a i n  t o  boundary l a y e r  con t ro l  by mechanical 
means. Coro l la ry  m a t e r i a l  on flow v i s u a l i z a t i o n ,  t he  e l e c t r i c  analogy, and 
i n j e c t i o n  pumps i s  inc luded  i n  s e p a r a t e  s e c t i o n s .  Some papers  on geometr ic  
con t ro l  a r e  included.  

Except f o r  t h e  s p e c i a l  s u b j e c t  c a t e g o r i e s ,  t h e  m a t e r i a l  has  been l i s t e d  by 
the  country o f  o r i g i n .  Abs t r ac t s  have been provided f o r  about two-thirds of  
t h e  papers  l i s t e d .  Subjec t  and au thor  indexes have been included.  

A v a i l a b i l i t y  : 
N79-70012 
N-40374 

172. Blue, D. D. ;  and S a t i n ,  A . :  P re l iminary  "Boundary Layer Cont ro l  Applica- 
t i o n  t o  A i r c r a f t . "  ONR, ~ i r  Branch, 1950. 

The s t a t u s  of  BLC a s  app l i ed  t o  a i r c r a f t  i n  1950 i s  f i r s t  d i s cus sed  wi th  
emphasis on t h e  German work dur ing  1940-1945. Navy r e sea rch ,  both experimental  
and t h e o r e t i c a l ,  i s  proposed under t i t l e s  such a s :  

Turboje t  Engines f o r  BLC 
Poss ib l e  Boundary Layer and Flow Control  
Unconventional New Developments 
BLC Appl ica t ion  t o  Dornier Do-24 
Boundary Layer E f f e c t s  a t  Supersonic  Speeds 
Future  BLC Program ( i n  which it is suggested t o  i n v i t e  German Aeronaut ical  

s c i e n t i s t s  t o  t ake  p a r t )  

A b ib l iography  of  312 i tems i s  included.  

A v a i l a b i l i t y  : 
N79-70013 
N-12 366 

173. Lang, Thomas G. ; and Brooks, John D.  : Control  o f  Torpedo Boundary Layers 
by Suc t ion .  NAVORD Rep. 6536, U.S. Navy, Apr. 30, 1959. (Avai lab le  
from DDC a s  AD 239 083.) 

The a v a i l a b l e  information on boundary-layer c o n t r o l  and permeable m a t e r i a l s  
is  summarized and app l i ed  t o  a  torpedo con f igu ra t i on .  The torpedo could  be  pro- 
p e l l e d  by sucking water through a  porous s h e l l  and e x p e l l i n g  i t  a t  t h e  t a i l  i n  
the  form o f  a  j e t .  An a n a l y s i s  of t he  a v a i l a b l e  d a t a  i n d i c a t e s  t h a t  t h e  d rag  of  
such a  torpedo would be reduced by a  f a c t o r  of  fou r .  Various porous m a t e r i a l s  
were i n v e s t i g a t e d  and a  porous f i b e r g l a s s  was s e l e c t e d  f o r  p r e l imina ry  t e s t i n g .  
Af t e r  d i s cus s ion  of s e v e r a l  pos s ib l e  torpedo con f igu ra t i ons  a  pre l iminary  design 



of a free-running t e s t  vehicle i s  presented.  The theory and the  experimental 
d-etermination of permeabil i ty a s  well  a s  a bibliography of boundary-layer con- 
t r o l  a re  included as  Appendixes. 

Author 
Ava i l ab i l i ty  : 

N78-78542 
CN-84315 
AD 239 083 

174. Jobe, Charles E . :  A Bibliography of  AFFDL/FXM Reports on Laminar Flow 
Control. AFFDL-TM-76-26-FXM, U.S. A i r  Force, Mar. 1976. 

AFFDL/FXM was the  A i r  Force o f f i c e  responsible f o r  technica l ly  monitoring 
the X-21A Laminar Flow Control F l i g h t  Demonstration Program and the many asso- 
c i a t e d  research con t rac t s .  Approximately 165 repor t s  and technica l  notes 
remain from the  LFC research; due t o  the  c r i t i c a l  shortage of f i l e  cabinets  and 
many " f i l e  Fie ld  days." 

The bibliography i s  arranged a lphabe t i ca l ly  by personal  author and da te .  
The corporate author was used when the personal  author was unknown. The many 
progress r epor t s  a re  l i s t e d  as such, by con t rac t  number. A cross-reference l i s t  
by NORTHROP BLC- ( ) number i s  contained on page 22. 

Author 
Ava i l ab i l i ty :  

N79-70034 

175. Kopkin, T. J.; and Rife,  C. D . :  Laminar Flow Control Bibliography. 
Rep. No. LG 77ER0018, Lockheed-Georgia Co., Jan. 17, 1977. (Available 
from DDC a s  AD B026 3 2 1 ~ ~ )  

Ava i l ab i l i ty :  
X78-75877 
AD B026 321L 

176. Smith, A.  M. 0. ;  and Clutter, '  Darwin: A Proposal t o  Assess the  Dependa- 
b i l i t y  of Laminar Flow and the  P r a c t i c a l  Problems of Maintaining I t  on 
an Airplane i n  Service Use. Rep. No. ES 26666, Douglas Ai rc ra f t  Co., 
I n c . ,  Aug. 2 ,  1957. 

It i s  the  purpose of this proposal t o  assess  the  r e l i a b i l i t y ,  and opera- 
t i o n a l  problems of maintaining extensive laminar flow under service  condit ions.  
Because roughness and o the r  e f f e c t s  a re  a t  l a s t  adequately understood, the  time 
i s  r i p e  f o r  se r ious  e f f o r t s  i n  t h i s  a rea ,  f i r s t  f o r  the purpose of r e a l i z i n g  
the  drag reduction p o t e n t i a l ,  and second f o r  evaluat ing the  problems concomitant 
t o  the  successful  r e a l i z a t i o n .  A condensed statement of the  program follows. 
Succeeding pages explain and e labora te  the  various items. A Lockheed TV-2 
Trainer  has been se lec ted  as the  t e s t  a i rp lane  f o r  the  reason t h a t  it i s  



inexpensive and has  an unswept wing us ing  an NACA low-drag a i r f o i l  s e c t i o n  
(NACA 65-123) favorab le  t o  laminar  flow. 

Author 
A v a i l a b i l i t y  : 

N79-70011 
N-76505 

177. Chapman, Gary T . :  T rans i t i on  of  t h e  Laminar Boundary Layer on a Del ta  Wing 
With 74O Sweep i n  Free F l i g h t  a t  Mach Numbers From 2.8 t o  5 .3 .  NASA 
TN D-1066, 1961. 

The t e s t s  were conducted a t  Mach numbers from 2.8 t o  5 .3 ,  wi th  model s u r -  
face  temperatures  smal l  compared t o  boundary - l aye r  recovery temperature .  The 
e f f e c t s  o f  Mach number, u n i t  Reynolds number, leading-edge d iameter ,  tempera- 
t u r e  r a t i o ,  and angle  of  a t t a c k  were i n v e s t i g a t e d  i n  an exp lo ra to ry  fash ion .  
The r e s u l t s  w e r e  compared t o  r e s u l t s  of  wind-tunnel tests o f  swept wings and t o  
r e s u l t s  of f r e e - f l i g h t  t e s t s  f o r  unswept l ead ing  edges.  

Author 
A v a i l a b i l i t y :  

N62-71640 

178. Rumsey, Charles  B . ;  P i l and ,  Robert 0.; and Hopko, Russe l l  N . :  Aerodynamic- 
Heating Data Obtained From Free-Fl igh t  Tes t s  Between Mach Numbers o f  1 
and 5.  NASA TN D-2 16 ,  1960. 

Aerodynamic-heating d a t a  were ob ta ined  from temperature measurements made 
a t  a s i n g l e  s t a t i o n  on each of  two models. The f i r s t  model provided d a t a  on a 
p a r a b o l i c  nose between Mach numbers of  2.3 and 5 .0 ,  corresponding t o  Reynolds 
numbers of  11 x lo6  and 19 x l o 6 ,  r e spec t ive ly .  The corresponding r a t i o  o f  
s k i n  temperature t o  l o c a l  s t a t i c  temperature va r i ed  from 1.1 t o  2.6. The second 
model provided d a t a  on a con ica l  nose between Mach numbers o f  1.1 and 4.0, 
corresponding t o  Reynolds numbers o f  14 x lo6  and 28 x l o 6 ,  r e s p e c t i v e l y ,  w i t h  
t he  r a t i o  of  s k i n  temperature  t o  l o c a l  s t a t i c  temperature varying from 1.0 
t o  2.3. The measurements a r e  compared with t h e  theory of  Van D r i e s t  f o r  tu rbu-  
l e n t  flow. 

Author 
A v a i l a b i l i t y  : 

N78-78522 

179. Rumsey, Charles  B.; and Lee, Dorothy B.: Measurements o f  Aerodynamic Heat 
T rans fe r  and Boundary-Layer T rans i t i on  on a lo0 Cone i n  Free F l i g h t  a t  
Supersonic  Mach Numbers Up t o  5 .9 .  NASA TN D-745, 1961. (Supersedes 
NACA RM L56B07.) 

Data a r e  p re sen t ed  f o r  a range of  l o c a l  Mach number j u s t  o u t s i d e  t h e  bound- 
a ry  l a y e r  on t h e  cone from 1.57 t o  5.50, and a range o f  l o c a l  Reynolds number 
from 6 .6  x lo6  t o  55.2 x l o 6  based on length  from the  nose t i p .  



A t  Mach numbers up t o  4 ,  measurements of laminar ,  t r a n s i t i o n a l ,  and turbu- 
l e n t  h e a t - t r a n s f e r  c o e f f i c i e n t s  were obtained.  In  gene ra l ,  t h e  measured laminar 
h e a t - t r a n s f e r  c o e f f i c i e n t s  expressed a s  Stanton number agree we l l  w i t h  theory 
f o r  laminar h e a t  t r a n s f e r  on a cone. The measured tu rbu len t  h e a t - t r a n s f e r  coef- 
f i c i e n t s  expressed a s  Stanton number agree reasonably wel l  wi th  t u r b u l e n t  theory 
f o r  h e a t  t r a n s f e r  on a cone with Reynolds number based e i t h e r  on length  from t h e  
nose t i p  o r  l eng th  from the  t r a n s i t i o n  p o i n t .  

During t h e  l a s t  p a r t  o f  t he  f l i g h t  t e s t  when t h e  Mach number was above 
approximately 4 ,  t he  measured h e a t - t r a n s f e r  c o e f f i c i e n t s  were c o n s i s t e n t l y  about  
midway between the  t h e o r e t i c a l  laminar and t u r b u l e n t  h e a t - t r a n s f e r  va lues  a l l  
a long t h e  nose. 

~ x p e r i m e n t a l  t r a n s i t i o n  Reynolds numbers va r i ed  from l e s s  than 8.5 x lo6 
t o  19.4 x lo6.  A t  a r e l a t i v e l y  cons t an t  r a t i o  o f  wa l l  temperature t o  l o c a l  
s t a t i c  temperature nea r  1 .2 ,  t h e  t r a n s i t i o n  Reynolds number i nc reased  from 
9 .2  x l o6  t o  19.4 x 106 a s  Mach number i nc reased  from 1.57 t o  3.38. A t  a r e l a -  
t i v e l y  cons tan t  Mach number nea r  3.7, t h e  t r a n s i t i o n  Reynolds number decreased 
about  30 pe rcen t  a s  t he  r a t i o  of  wa l l  temperature minus a d i a b a t i c  wa l l  tempera- 
t u r e  t o  s t a g n a t i o n  temperature changed from -0.35 t o  -0.25. 

During t h e  f l i g h t ,  l o c a l  Mach number and t h e  r a t i o  of wa l l  temperature t o  
l o c a l  s t a t i c  temperature s imultaneously reached va lues  we l l  w i th in  the  region 
f o r  i n f i n i t e  laminar  s t a b i l i t y  p red ic t ed  by two-dimensional d i s turbance  theory. 
The t r a n s i t i o n  Reynolds number increased  t o  a maximum value of  19.4 x l o6  a s  
t he  t e s t  condi t ions  probed i n t o  t h e  t h e o r e t i c a l  s t a b i l i t y  region.  

Author 
A v a i l a b i l i t y  : 

N62-71319 

180. Rumsey, Charles  B.  ; and Lee, Dorothy B.  : Measurements o f  Aerodynamic Heat 
Transfer  on a 15O Cone-Cylinder-Flare Configuration i n  Free F l i g h t  a t  
Mach Numbers Up t o  4.7. NASA TN D-824, 1961. (Supersedes NACA 
RM L57J10.) 

Measurements of aerodynamic h e a t  t r a n s f e r  have been made a t  a number of  
s t a t i o n s  along a cone-cyl inder-f lare  model having a 15O to t a l - ang le  c o n i c a l  
nose and a lo0 half-angle f l a r e  s k i r t .  The maximum Mach number was 4 .7 ,  and 
l o c a l  Reyliolds numbers based on body length  t o  a measurement s t a t i o n  va r i ed  
from 2 x l o6  t o  138 x lo6.  

Local S tan ton  numbers measured on t h e  nose cone and f l a r e  showed f a i r  
agreement wi th  laminar  and t u r b u l e n t  t h e o r i e s ,  while t he  measurements on t h e  
c y l i n d e r  were gene ra l ly  somewhat lower than theory.  

Experimental recovery f a c t o r s ,  determined twice dur ing  the  t e s t ,  were 
unaccountably lower than t h e o r e t i c a l  va lues .  

Local t r a n s i t i o n  Reynolds numbers, based on length  from the  nose t i p ,  
v a r i e d  from 3 x l o6  t o  18 x l o6  and were much lower than va lues  prev ious ly  
obta ined  on t h e  smoother nose of  a s i m i l a r  model. 



A t  an angle  o f  attack CJL &out go, t h e  h e a t  t r a n s f e r  on t h e  f l a r e  i nc reased  
t o  more than twice kn,nc. t ; ? l ~ a ) i t ~ ~ i c a l  t u r b u l e n t  va lue  f o r  ze ro  angle  o f  a t t a c k .  

Author 
A v a i l a b i l i t y :  

M62-9L3QS 

181- m ~ m s e y ,  Charles  B , ;  and Lee, Dorothy B.: Measurements of  Aerodynamic Heat 
T rans fe r  and Boundary-Layer T rans i t i on  on a 15O Cone i n  Free F l i g h t  a t  
Supersonic  Mach Numbers Up t o  5.2. NASA TN D-888, 1961. (Supersedes 
NACA RM L56F26 .) 

Data a r e  p re sen t ed  f o r  a range o f  l o c a l  Mach number j u s t  o u t s i d e  t he  
boundary l a y e r  from 1.40 t o  4.65 and a range of l o c a l  Reynolds number from 
3.8 x 106 t o  46.5 x l o6  , based on l eng th  from t h e  nose t i p  t o  a measurement 

Laminar, t r a n s i t i o n a l ,  and t u r b u l e n t  h e a t - t r a n s f e r  c o e f f i c i e n t s  w e r e  
measured. The laminar  d a t a  were i n  agreement wi th  laminar  theory f o r  cones, 
and t h e  t u r b u l e n t  d a t a  agreed w e l l  wi th  t u r b u l e n t  theory  f o r  cones us ing  
Reynolds number based on l eng th  from t h e  nose t i p .  

A t  a n e a r l y  cons t an t  r a t i o  of  wa l l  t o  l o c a l  s t a t i c  temperature  o f  1 .2 ,  t h e  
Reynolds number of  t r a n s i t i o n  i nc reased  from 14 x lo6 t o  30 x lo6  a s  Mach number 
i nc reased  from 1.4 t o  2.9 and then decreased t o  17 x l o6  a s  Mach number i nc reased  
t o  3.7. 

A t  Mach numbers n e a r  3.5, t r a n s i t i o n  Reynolds numbers appeared t o  be  inde-  
pendent  of s k i n  temperature  a t  s k i n  temperatures  very co ld  with r e s p e c t  t o  
a d i a b a t i c  w a l l  temperature .  

The t r a n s i t i o n  Reynolds number was 17.7 x lo6  a t  a condi t ion  o f  Mach number 
and r a t i o  o f  wa l l  t o  l o c a l  s t a t i c  temperature n e a r  t h a t  f o r  which th r ee -  
dimensional d i s tu rbance  theory has  been eva lua t ed  and has  p r e d i c t e d  laminar  
boundary-layer s t a b i l i t y  t o  very high Reynolds numbers ( - l o x 2 ) .  

Author 
A v a i l a b i l i t y  : 

N62 -71462 

182. Merlet ,  Charles  F. ; and Rumsey, Charles  B.  : Supersonic  Free-Fl igh t  Measure- 
ment o f  Heat T rans fe r  and Trans i t i on  on a lo0 Cone Having a Low Tempera- 
t u r e  Rat io .  NASA TN D-951, 1961. (Supersedes NACA RM L56L10. ) 

Heat - t ransfer  c o e f f i c i e n t s  i n  t h e  form o f  S tan ton  number and boundary-layer 
t r a n s i t i o n  d a t a  were ob ta ined  from a f r e e - f l i g h t  t e s t  of  a 100-inch-long 100 
to t a l - ang le  cone with a l / l6 - inch  t i p  r a d i u s  which pene t r a t ed  deep i n t o  t h e  
reg ion  o f  i n f i n i t e  s t a b i l i t y  o f  laminar boundary l a y e r  over  a range of  wal l - to-  
local-s t ream temperature  r a t i o s  and f o r  l o c a l  Mach numbers from 1 . 8  t o  3.5. 
Experimental h e a t - t r a n s f e r  c o e f f i c i e n t s ,  ob t a ined  a t  Reynolds numbers up t o  
160 x l o 6 ,  w e r e  i n  gene ra l  somewhat h igher  than  t h e o r e t i c a l  values .  A maximum 
Reynolds number of  t r a n s i t i o n  o f  on ly  33 x l o6  was ob ta ined .  Contrary t o  



t h e o r e t i c a l  and some o the r  experimental inves t iga t ions ,  the  t r a n s i t i o n  Reynolds 
number i n i t i a l l y  increased while the  wall  temperature r a t i o  increased a t  r e l a -  
t i v e l y  constant  Mach number. Further  increases  i n  wall  temperature r a t i o  were 
accompanied by a decrease i n  t r a n s i t i o n  Reynolds number. Increasing t r a n s i t i o n  
Reynolds number with increas ing Mach number was a l s o  indica ted  a t  a r e l a t i v e l y  
cons tant  wall  temperature r a t i o .  
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183. Young, A. D . ;  Serby, J. E . ;  and Morris, D. E . :  F l i g h t  Tests  on the  Ef fec t  
of Surface Finish on Wing Drag. R. & M. No. 2258,  B r i t i s h  A. R.C.,  1939. 

The "cleaning up" of aeroplanes both i n  shape and surface  f i n i s h  t h a t  has 
taken p lace  during recent  years  has r e su l t ed  i n  a considerable decrease i n  
p a r a s i t i c  drag and a corresponding improvement i n  performance. Further  improve- 
ments i n  the  surface  f i n i s h  of modern aeroplanes a r e  s t i l l  poss ib le ,  b u t  i n  
general  they involve increased production and upkeep d i f f i c u l t i e s ;  it i s  impor- 
t a n t ,  t he re  f o r e ,  t h a t  in f  ormation should be ava i l ab le  t o  designers whereby they 
can es t imate  what such improvements a r e  worth. 

A s e r i e s  of f l i g h t  t e s t s  have been made a t  the  Royal A i r c r a f t  Establishment 
t o  i n v e s t i g a t e  the  major problems connected with the  e f f e c t  of surface  f i n i s h  on 
drag. The t e s t s  were designed s o  t h a t  the  information derived from them should 
as  f a r  a s  poss ib le  be capable of general  appl ica t ion .  

P r o f i l e  drag measurements were made by the  momentum method of metal sk ins  
f i t t e d  over p a r t s  of the wings of a B a t t l e .  On these skins  were t e s t e d  camou- 
f l age  p a i n t ,  snap r i v e t s ,  f lush  r i v e t s ,  l a p  j o i n t s  and leading edge s l a t s .  
Tes ts  were a l s o  made of the  normal wing covering of the  aeroplane inc luding the  
e f f e c t  of the  bomb doors. The range of Reynolds number of the  t e s t s  was from 
about 12 x l o6  t o  18 x 106 and the  chord length  i n  the  p lane  of measurement was 
10 f t .  Simple formulae have been derived f o r  es t imat ing  the  drag of r i v e t s  and 
l a p  jo in t s .  
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184. Zalovcik , John A. : A Profile-Drag Inves t iga t ion  i n  F l i g h t  on an Experi- 
mental Fighter-Type Airplane - The North American XP-51 ( A i r  Corps S e r i a l  
NO. 41-38) . NACA ACR, N ~ v .  1942. 

This a i r c r a f t  was equipped with wings t h a t  incorporated a i r f o i l  s ec t ions  
much l i k e  the  NACA low-drag a i r f o i l  sec t ions .  Wake-survey measurements were 
made behind a right-wing sec t ion  and p r o f i l e  drag t e s t s  were made with various 
su r face  condit ions.  The prof i le -drag  c o e f f i c i e n t  varied with surface  condit ions 



from 0.0070 to 0.0053. The low figure was realized with the final smoothed and 
faired surface and this at a RN of 16 x lo6 and a lift coefficient of about 0.10. 
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185. Allen, H. Julian: Notes on the Effect of Surface Distortions on the Drag 
and Critical Mach Number of Airfoils. NACA ACR 3129, 1943. 

The effect of two-dimensional bumps and surface waviness on the pressure 
distribution over airfoils is considered. It is shown that the results of the 
analysis may be useful in evaluating the effects of accidental or intended sur- 
face distortions on the drag and critical Mach number of airfoils. 
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186. Fage, A.: The Smallest Size of a Spanwise Surface Corrugation Which 
Affects Boundary-Layer Transition on an Aerofoil. R. & M. No. 2120, 
British A.R.C., 1943. 

The effect of a spanwise surface corrugation on the position of transition 
from laminar to turbulent flow in the boundary layer of an aerofoil depends on 
the local disturbances caused by the corrugation and on the stability of flow in 
the laminar boundary layer beyond. The report describes wind-tunnel experiments 
made for bulge, hollow and ridge corrugations on an aerofoil and on a flat plate 
to obtain data needed to allow empirical relations to be derived which would 
give a rough estimate for the minimum height of a spanwise surface corrugation 
which affects the position of boundary-layer transition, and so the drag, of a 
laminar-flow aerofoil. The conditions under which the experiments were made 
were such that the results obtained are not likely to be affected by turbulence 
in the wind-tunnel stream nor by surface roughness due to small excresences. 
The effect of velocity gradient in the direction of flow along the surface is 
considered. The conditions of flow on and near smooth bulge and hollow corru- 
gations are deduced from surface pressure measurements. The experiments on the 
flat plate were made by W. S. Walker and J. R. Greening and those on the aero- 
foil by W. S. Walker and R. J. Cox. Results obtained by Dr. G. S. Hislop from 
experiments made at Cambridge for narrow spanwise surface ridge corrugations on 
a flat plate are included for analysis. 
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187. Braslow, Albert L.: Investigation of Effects of Various Camouflage Paints 
and Painting Procedures on the Drag Characteristics of an 
NACA 65(421)-420, a = 1.0 Airfoil Section. NACA WR L-141, 1944. 
(Formerly NACA CB L4G17.) 

The effects of various camouflage paints and painting procedures on the 
drag characteristics of a 60-inch-chord low-drag airfoil have been investigated 
in the NACA two-dimensional low-turbulence pressure tunnel. A typical field 



app l i ca t ion  of  camouflage p a i n t  increased  t h e  sec t ion  drag  c o e f f i c i e n t  of  t he  
aerodynamically smooth a i r f o i l  a t  a Reynolds number of  44  x lo6  from 0.0046 t o  
0.0079 a t  a s e c t i o n  l i f t  c o e f f i c i e n t  of 0 .3  and from 0.0053 t o  0.0086 a t  a sec-  
t i o n  l i f t  c o e f f i c i e n t  of  0 .7.  In  order  t o  approach the  drag  c h a r a c t e r i s t i c s  of 
the  aerodynamically smooth a i r f o i l  s e c t i o n  a t  high-speed and c r u i s i n g  l i f t  coef- 
f i c i e n t s  and f l i g h t  Reynolds numbers, it was necessary t o  sand the  a i r f o i l  
su r f aces  l i g h t l y  a f t e r  pa in t ing .  
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188. L o f t i n ,  Laurence K . ,  Jr. : E f f e c t s  of  S p e c i f i c  Types o f  Surface Roughness 
on Boundary -Layer T rans i t i on .  NACA WR L-48, 1946. (Formerly NACA 
ACR L5J29a.) 

Tes ts  were conducted with two t y p i c a l  low-drag a i r f o i l s  of 90-inch chord 
t o  determine t h e  e f f e c t s  of  sur face  p r o j e c t i o n s ,  grooves, and sanding sc ra t ches  
on boundary-layer t r a n s i t i o n .  The Reynolds number a t  which a spanwise row o f  
c y l i n d r i c a l  p r o j e c t i o n s  would cause premature t r a n s i t i o n  was determined f o r  a 
range of Reynolds number from approximately 3 x 106 t o  10 x 106. Data were 
obta ined  f o r  p r o j e c t i o n s  of var ious  s i z e s  and chordwise l o c a t i o n s  on both l o w -  
d rag  a i r f o i l s .  The t e s t s  of  su r f ace  grooves and sanding sc ra t ches  i n d i c a t e d  
t h a t ,  f o r  t he  range of Reynolds number i n v e s t i g a t e d ,  t he  laminar  boundary l a y e r  
was much l e s s  s e n s i t i v e  t o  su r f ace  grooves and sanding sc ra t ches  than t o  pro- 
j ec t ions  above t h e  su r f ace .  
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189. Coles ,  R. B . :  Measurements of t he  Degree of 'smoothness Attained i n  a 
Laminar-Flow Wing Specimen (Shor t  Bros . ) .  R. & M. No. 2253, B r i t i s h  
A.R.C. ,  1949. 

This r e p o r t  desc r ibes  t e s t s  made t o  determine the  degree of  su r f ace  smooth- 
nes s  a t t a i n e d  i n  a 6 - f t .  chord wing specimen having two s p a r s  and a t h i n  s k i n  
s t i f f e n e d  between s p a r s  by r i b s  and channel s e c t i o n  chordwise members. The 
specimen was designed and made by Shor t  Bros. o f  Rochester. 

The t e s t s  inc luded  measurements of  t h e  i n i t i a l  su r f ace  smoothness, d i s t o r -  
t i o n  under l oad ,  proof  and u l t ima te  t e s t s  and compression t e s t s  on two s h o r t  
l eng ths  of  t he  upper f r o n t  s p a r  f lange .  These t e s t s  show t h a t  i n  o r d e r  t o  
reduce the  amplitude of the  sk in  d i s t o r t i o n s  t o  t he  requi red  l i m i t s  t h e  r i g i d i t y  
of t h e  channel s e c t i o n  s t i f f e n e r s  should be increased  and poss ib ly  a d d i t i o n a l  
l o c a l  s t i f f e n i n g  nea r  the  f r o n t  spa r  added. No permanent d i s t o r t i o n s  o f  t h e  wing 
beyond the  allowed l i m i t s  a r e  l i k e l y  t o  occur  under s e r v i c e  condi t ions .  



The compressive s t r e s s  i n  t he  spa r  f l anges  a t  f a i l u r e  was 37,500 lb . / sq .  i n .  
S t r u t  t e s t s  on 6-in. and 12-in.  l eng ths  of  t he  upper f r o n t  s p a r  f l ange  gave 
f a i l i n g  s t r e s s e s  of 59,000 I b , / s q .  i n ,  and 48,000 J.b,/sq. i n .  r e s p e c t i v e l y .  
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190. s tGper ,  J . :  The Inf luence  of Surface I r r e g u l a r i t i e s  on T r a n s i t i o n  With 
Various Pressure  Gradien ts .  Rep. A. 59,  Dep. Supply and Develop. , Div. 
Aeronaut. (Melbourne) , May 1949. 

The e f f e c t  of su r f ace  i r r e g u l a r i t i e s  on t h e  boundary l a y e r  and t r a n s i t i o n  
has  been examined on a  f l a t  g l a s s  p l a t e  66 i n .  long. By s u i t a b l y  f a i r i n g  t h e  
roof of t h e  working s e c t i o n  of  a  c losed  wind tunne l ,  a  p r e s s u r e  g r a d i e n t  was 
ob ta ined  along the  f l a t  p l a t e  s i m i l a r  t o  t h a t  on t he  upper s u r f a c e  of  a  GLAS I1 
a e r o f o i l  a t  CL = 0.  For comparison, tests were a l s o  made on t h e  p l a t e  with 
zero  p re s su re  g rad i en t .  The su r f ace  i r r e g u l a r i t i e s  were p i ano  wi re s  of  diam- 
e t e r s  ranging from 0.0120 i n .  t o  0.0480 i n .  f i x e d  t o  t h e  su r f ace  a t  7  i n .  o r  a t  
2 4  i n .  from the  l ead ing  edge. The range of  Reynolds number (U,I/V) covered i n  
t h e  t e s t s  was from 0.5 x 106 t o  3.3 x l o 6 .  The t r a n s i t i o n  reg ion  was found by 
means of  a hot-wire anemometer. The momentum th i cknes s  o f  t h e  boundary l a y e r  a t  
t he  t r a i l i n g  edge was determined. The s e n s i t i v i t y  of  t h e  laminar  boundary l a y e r  
t o  i r r e g u l a r i t i e s  on an otherwise smooth su r f ace  was n o t  g r e a t l y  a l t e r e d  by a  
favourable  p re s su re  g r a d i e n t  f o r  t h e  range o f  Reynolds number covered by the  
experiments and with t h e  amount of turbulence p r e s e n t  i n  t h e  t unne l .  

Author 
A v a i l a b i l i t y  : 

N79-70010 
N-3614 

191. Williams, D. H . :  Comment on s t G p e r l s  "The Inf luence  o f  Surface I r r e g u l a r i -  
t i e s  on T rans i t i on  With Various Pressure  Gradien ts .  " Aerodyn. Tech. 
Memo. 77, Aeronaut. Res . .Labs . ,  Dep. Supply and Develop. (Melbourne), 
Dec. 1949. 

s t i p e r  found, from experiments on a  f l a t  p l a t e  wi th  a  p r e s s u r e  g rad i en t ,  
t h a t  laminar flow would n o t  be maintained up t o  t h e  s l o t  on t h e  wing of  a  
Glas I1 g l i d e r  a t  any reasonable  f l y i n g  speed. Fur ther  experiments sugges t  t h a t  
t he  low va lues  he found f o r  t he  Reynolds number of  t r a n s i t i o n  may be apprec iab ly  
l e s s  than f l i g h t  va lues ,  p a r t l y  due t o  tunne l  tu rbulence  b u t  more due t o  d i s -  
turbances s t a r t i n g  a t  t h e  r a t h e r  sharp  l ead ing  edge of  t h e  p l a t e .  I f  t h e  s t ag -  
na t ion  p o i n t  i s  l o c a t e d  a f t  of  t he  l ead ing  edge, t h e  e x t e n t  of  t h e  laminar 
reg ion  on t h e  p l a t e  i s  considerably g r e a t e r  than i f  t he  s t agna t ion  p o i n t  i s  on 
the  l ead ing  edge. 
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192. Keeble,  T. S .  ; and Atk ins ,  P .  B .  : The E f f e c t  of  Excrescences on Trans i -  
t i o n ;  Some Observat ions i n  t h e  Boundary Layer on Williams GLAS I1 
P r o f i l e .  Aerodyn. Note 101, Aeronaut. Res. Labs. ,  Dep. Supply 
(Melbourne) , May 195 1. 

An account i s  given of measurements of boundary l a y e r  t h i cknes s  and veloc- 
i t y  p r o f i l e s  on a  3  f o o t  chord model of  GLAS I1 a t  a  wind speed of  88 f . p . s .  
(Rc = 1 . 7  x l o 6 ) .  With a  c l ean  wing t h e  l a y e r  i s  laminar i n  na tu re  r i g h t  up t o  
t he  s l o t  a t  70%C. 

C r i t i c a l  p o s i t i o n s  f o r  t r a n s i t i o n  were determined by a  v i s u a l  t echnique  
(wi th  naptha lene)  f o r  t h r e e  types  of  su r f ace  excrescence;  p i n s ,  s p h e r i c a l  bumps 
and r i d g e s .  Grea te r  he igh t s  of  bump were r equ i r ed  t o  cause t r a n s i t i o n  than 
might have been expected from e a r l y  work and r i d g e s  about t h r e e  t imes t h e  h e i g h t  
of  a  bump could be  t o l e r a t e d .  Larger bumps and r i dges  could be a t t a c h e d  t o  t h e  
su r f ace  wi thout  caus ing  t r a n s i t i o n  a s  the  f r o n t  s t agna t ion  p o i n t  was approached. 
The r e s u l t s  of  t h e  v i s u a l  method have been checked by t ak ing  boundary l a y e r  
t r a v e r s e s  behind the  r i dges .  

A comparison of these  r e s u l t s  with those  of Gregory and Walker a t  N.P.L. 
has  been made. Agreement a t  Reynolds Numbers above 2 x l o 6  (based on d i s t a n c e  
from t h e  l ead ing  edge) has been obta ined  f o r  bumps b u t  near  t h e  f r o n t  o f  t h e  
a e r o f o i l  t h e  r e s u l t s  d i f f e r  g r e a t l y ;  a  d i f f e r e n t  r e l a t i o n  would be r equ i r ed  f o r  
r i dges .  A p h y s i c a l  explana t ion  of t he  "un ive r sa l "  curve of Gregory and Walker 
has  been advanced and f u r t h e r  t e s t s  suggested t o  check i t s  co r r ec tnes s .  

Author 
A v a i l a b i l i t y :  

N79-70008 
N-11617 

193. Wijker,  H .  : Experiments on Disturbed ~ e g i o n s  i n  t he  Laminar Boundary 
Layer Behind I s o l a t e d  Surface Excrescences f o r  Two- and Three-Dimensional 
Flow. Rep. A. 1267, Nat. Luchtvaar t lab .  (Amsterdam) , Oct.  31, 1951. 

The r e p o r t  conta ins  a  number of  photos  of  t h e  d i s tu rbed  reg ions  behind pro- 
tuberances  i n  laminar boundary l a y e r s  o f  two- and three-dimensional flow. 
Veloc i ty  p r o f i l e s  i n  these  reg ions  a r e  measured f o r  two-dimensional flow. The 
cons t ruc t ion  of  s t ream l i n e s  along t h e  su r f ace  from measured p re s su re  d i s t r i -  
bu t ions  i n  three-dimensional p o t e n t i a l  f low i s  given i n  an appendix. 
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194. Schwartzberg, Milton A.; and Braslow, Alber t  L . :  Experimental Study of t h e  
E f f e c t s  of  F i n i t e  Surface Disturbances and Angle of Attack on t h e  Laminar 
Boundary Layer of an NACA 64AOlO A i r f o i l  With Area Suc t ion ,  NACA 
TN 2796, 1952. 



A Langley low-turbulence wind-tunnel i n v e s t i g a t i o n  was made of  an NACA 
64A010 a i r f o i l  s e c t i o n  with cont inuous suc t ion  ( a r e a  s u c t i o n )  through i t s  
porous s u r f a c e s  t o  determine i t s  a b i l i t y  t o  maintain ex t ens ive  laminar  flow 
behind f i n i t e  su r f ace  d i s tu rbances  and a t  angles  of  a t t a c k  o t h e r  than 00. 

Although fu l l -chord  laminar  flow can be ob ta ined  a t  l a r g e  va lues  o f  t h e  
Reynolds number through t h e  use of  a r e a  suc t ion ,  a p p l i c a t i o n  of  a r e a  s u c t i o n  
pe rmi t t ed  on ly  a smal l  i n c r e a s e  i n  t h e  s i z e  of a f i n i t e  d i s turbance  r equ i r ed  t o  
cause premature boundary-layer t r a n s i t i o n  a s  compared wi th  t h e  nonsuct ion a i r -  
f o i l .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  s t a b i l i t y  theory  f o r  t h e  incompressible  
laminar  boundary l a y e r ,  which i s  der ived  f o r  vanish ingly  smal l ,  two-dimensional, 
aerodynamically p o s s i b l e  d i s tu rbances  i n  t h e  boundary l a y e r ,  i s  o f  l i t t l e  prac-  
t i c a l  s i g n i f i c a n c e  i n  determining t h e  s e n s i t i v i t y  o f  t h e  laminar  boundary l a y e r  
t o  s u r f a c e  p r o j e c t i o n s .  Combined wake and suct ion-drag c o e f f i c i e n t s  lower than 
t h e  d rag  c o e f f i c i e n t  o f  t he  p l a i n  a i r f o i l  were ob ta ined  through a range of  low 
l i f t  c o e f f i c i e n t  by t he  use o f  a r e a  suc t ion .  
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195. Gray, W. E . ;  and Davies,  H . :  Note on t h e  Maintenance of  Laminar-Flow 
Wings. R. & M. No. 2485, B r i t i s h  A.R.C. ,  1952. 

The maintenance of  laminar-flow wings involves  two problems: 

(1) The prevent ion  of d e t e r i o r a t i o n  i n  t he  su r f ace  i t s e l f  ( e  .g. c rack ing  
of t h e  p a i n t  o r  f i l l e r ,  i nc rease  i n  roughness o r  waviness,  e t c . ,  whether due t o  
weathering, s t r e s s e s  i n  f l i g h t ,  o r  acc iden ta l  damage). 

(2)  The prevent ion  of  contamination of t he  su r f ace  wi th  f l i e s ,  e tc .  

This  Note g ives  an account of  experience gained a t  t h e  Royal A i r c r a f t  
Establ ishment  i n  d e a l i n g  wi th  t he se  problems dur ing  f l i g h t  t e s t s  on t h e  char- 
a c t e r i s t i c s  of  low-drag wings. (Tes t s  made on t h e  King Cobra and the  
Hurricane. ) 

Author 
A v a i l a b i l i t y  : 

N78-78469 
N-2 1586 

196. Dryden, Hugh L. :  Review of  Published Data on t h e  E f f e c t  of Roughness on 
Trans i t i on  From Laminar t o  Turbulent Flow. J. Aeronaut. S c i . ,  vo l .  20, 
no. 7, Ju ly  1953, pp. 477-482. 

A review i s  presen ted  of  t h e  publ i shed  d a t a  on t h e  e f f e c t  of  roughness, 
e s p e c i a l l y  s i n g l e  roughness e lements ,  on t r a n s i t i o n  from laminar t o  t u r b u l e n t  
flow, i n  which an a t tempt  i s  made t o  reanalyze and c o r r e l a t e  t h e  a v a i l a b l e  
information.  The r e a n a l y s i s  shows t h a t  t h e  t r a n s i t i o n  Reynolds Number of  a 
f l a t  p l a t e  wi th  zero p re s su re  g rad i en t  i s  a func t ion  of  t h e  r a t i o  of  t h e  h e i g h t  



of t h e  roughness e lement  t o  t he  displacement  t h i cknes s  of  t h e  boundary l a y e r  a t  
t he  element ,  t h i s  f u n c t i o n a l  r e l a t i o n  be ing  a b e t t e r  r e p r e s e n t a t i o n  of t h e  d a t a  
than a cons t an t  c r i t i c a l  Reynolds Number o f  t h e  roughness element.  Other d a t a  
show t h a t  t h e  e f f e c t s  of roughness a r e  s i m i l a r  i n  s t reams of  d i f f e r e n t  i n i t i a l  
tu rbulence  and t h a t  a p l o t  of t h e  r a t i o  of  t r a n s i t i o n  Reynolds Number o f  t h e  
rough p l a t e  t o  t h a t  f o r  t h e  smooth p l a t e  a g a i n s t  t h e  r a t i o  of  the  he igh t  of t h e  
roughness element t o  displacement  t h i cknes s  o f  t h e  boundary l a y e r  a t  t h e  element 
g ives  good c o r r e l a t i o n  of a l l  t h e  d a t a  f o r  a given shape o f  roughness element 
when t r a n s i t i o n  occu r s  downstream from t h e  roughness element.  A t  a c e r t a i n  
value of  t h e  he ight - th ickness  r a t i o  dependent on t h e  s t ream speed,  l o c a t i o n  o f  
roughness e lement ,  and a i r - s t ream tu rbu lence ,  t h e  t r a n s i t i o n  p o s i t i o n  reaches  
t he  element and remains t h e r e  a s  t h e  h e i g h t  o r  t h e  s t ream speed i s  f u r t h e r  
increased .  

The paper  a l s o  d i s cus se s  a v a i l a b l e  d a t a  on t h e  e f f e c t  o f  d i s t r i b u t e d  rough- 
nes s  on t r a n s i t i o n  on a f l a t  p l a t e ,  a s  we l l  a s  some of t h e  publ i shed  d a t a  on 
roughness e f f e c t s  on t r a n s i t i o n  on a i r f o i l s .  

Author 

197. Dryden, Hugh L. : E f f e c t s  o f  Roughness and Suc t ion  on Trans i t i on  From 
Laminar t o  Turbulent  Flow. Publ.  S c i .  & Tech. Minis t .  A i r  ( P a r i s ) ,  
[1954].  

I n  r e c e n t  y e a r s  a t t e n t i o n  has  tu rned  t o  s t a b i l i z i n g  t h e  laminar boundary 
l a y e r  by removing some of  t he  boundary l a y e r  a i r  through a porous boundary by 
applying suc t ion .  Some t e s t  r e s u l t s  i n d i c a t e  a l a r g e  unfavorable  e f f e c t  of  
smal l  roughness,  a l though apparen t ly  a cons iderab le  degree of  s t a b i l i z a t i o n  by 
s u c t i o n  was ob ta ined .  Other experiments  have a l s o  i n d i c a t e d  the  same s t a b i l i z -  
i n g  e f f e c t  of  s u c t i o n ,  b u t  t he  r e s u l t s  s e e m  t o  me t o  be d i s appo in t ing  i n  t he  
l i g h t  o f  t h e  r e s u l t s  t o  be i n f e r r e d  from t h e  Tol lmien-Schl icht ing theory  o f  t h e  
s t a b i l i t y  of  a l aminar  boundary l a y e r .  The adverse element aga in  seems t o  be 
unavoidable s u r f a c e  roughness. I b e l i e v e  t h a t  t h e  main f e a t u r e s  of  t r a n s i t i o n  
a r e  suggested by t h e  d a t a  a t  hand. This  b r i e f  no te  i s  an at tempted assessment 
of t h e  e f f e c t  o f  roughness i n  reducing t h e  g a i n s  a t t a i n a b l e  through t h e  use o f  
suc t ion .  

Author 
A v a i l a b i l i t y :  

N79-70659 
N-25 , 500A 

198. Cowled, E .  H .  : Experimental Determination of  t h e  C r i t i c a l  Heights o f  
Surface I r r e g u l a r i t i e s .  Aerodyn. Note 138, Aeronaut. R e s .  Labs. , Dep. 
Supply (Melbourne) , Nov. 1954. 

Resul t s  of  t r a n s i t i o n  experiments wi th  f i v e  types  o f  su r f ace  i r r e g u l a r i t y  
a r e  presen ted .  The tests a r e  concerned p r i m a r i l y  wi th  t h e  i n f luence  o f  shape 
on t h e  c r i t i c a l  h e i g h t s  o f  i s o l a t e d  d i s tu rbances ;  some experiments were a l s o  
c a r r i e d  o u t  t o  determine t h e  e f f e c t  o f  s e v e r a l  i r r e g u l a r i t i e s  arranged i n  a 
chordwise row. 



The problem of  c o r r e l a t i n g  d a t a  ob ta ined  by d i f f e r e n t  exper imenta l  methods 
i s  d iscussed .  

Author 
A v a i l a b i l i t y :  

N79-70005 
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199. Spence, D. A . ;  and Randal l ,  D. G . :  The Inf luence  o f  Sur face  Waves on t h e  
S t a b i l i t y  of  a Laminar Boundary Layer With Uniform Suct ion.  C.P. 
No. 161, B r i t i s h  A.R.C. ,  1954. 

I n  o r d e r  t o  e s t ima te  t h e  d e s t a b i l i s i n g  e f f e c t  of t h e  waves l i k e l y  t o  b e  
encountered on wing s u r f a c e s  which w i l l  be  used with boundary l a y e r  s u c t i o n ,  
c a l c u l a t i o n s  have been made of t h e  e f f e c t  o f  small  s i n u s o i d a l  s u r f a c e  waves on 
the  s t a b i l i t y  o f  t h e  asymptotic s u c t i o n  p r o f i l e .  Curves a r e  p re sen t ed  of  t h e  

vs percentage i n c r e a s e s  i n  l o c a l  s u c t i o n  flow - 
U 

necessary t o  maintain t h e  s t a -  

b i l i t y  of  t h e  boundary l a y e r  a t  t h e  same l e v e l  a s  on a completely f l a t  s u r f a c e ,  
V s  h 

f o r  va r ious  va lues  o f  t h e  v a r i a b l e s  TI  height:wavelength r a t i o  L, and 

Reynolds number based on wavelength, - UL These should provide  q u a n t i t a t i v e  v -  
e s t i m a t e s  f o r  more genera l  cases .  I t  i s  found, a s  might have been expected,  

vs 
t h a t  t h e  lower - h 

u o r  t h e  l a r g e r  - t h e  l a r g e r  t h e  necessary percentage  L ' 
vs 

i n c r e a s e  i n  - 
U '  

e s p e c i a l l y  f o r  low - UL 10 p e r  cen t  i s  a t y p i c a l  magnitude 
V '  

f o r  t h e  necessary  i nc rease  a t  a h igh  Reynolds number. 
Author 

A v a i l a b i l i t y :  
N-32442 
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200. R. & M. No. 2779, B r i t i s h  A.R.C. ,  1956. 
Gregory, N . ;  and Walker, W .  S . :  P a r t  I - The E f f e c t  on T r a n s i t i o n  o f  

I s o l a t e d  Surface Excrescences i n  t h e  Boundary Layer. 
Johnson, D . :  P a r t  I1 - Br ie f  F l i g h t  Tes t s  on a Vampire I A i r c r a f t  To 

Determine t h e  E f f e c t  o f  I s o l a t e d  Surface Pimples on Trans i t i on .  

The e f f e c t  of  i s o l a t e d  s u r f a c e  excrescences i n  a laminar  boundary l a y e r  i n  
producing d i s tu rbances  which may l e a d  t o  t u r b u l e n t  flow has been examined 
exper imenta l ly  by s e v e r a l  methods. Photographs o f  some of  t h e  flow p a t t e r n s  
v i s u a l i s e d  by smoke and china-clay techniques a r e  given. 

The c r i t i c a l  h e i g h t s  of  pimple which j u s t  give r i s e  t o  spreading  wedges 
of  t u r b u l e n t  flow have been measured on a f l a t  p l a t e  and on two a e r o f o i l s  a t  
s e v e r a l  angles  of  inc idence .  The r e s u l t s  a r e  analysed and a r e  p re sen t ed  i n  a 
form which enables  approximate e s t i m a t e s  t o  be  made of  t h e  protuberances pe r -  
mi s s ib l e  on laminar-flow su r f aces  a t  f u l l - s c a l e  f l i g h t  Reynolds numbers. The 
e s t ima te s  sugges t  t h a t  a t  an a l t i t u d e  of  30,000 f t  t he  c r i t i c a l  pimple h e i g h t  
i s  0.004 i n ,  f o r  a speed of  350 m.p,h. ,  whi le  0.002 i n .  may be pe rmis s ib l e  a t  
a l l  subsonic  speeds.  A t  s ea - l eve l ,  however, the  t o l e r ances  a r e  approximately 



halved.  To provide in format ion  a t  f l i g h t  Reynolds numbers, two f l i g h t s  have 
been made on a Vampire a i r c r a f t  i n d i c a t i n g  the  e f f e c t  of  t i n y  p a i n t  pimples on 
the  laminar  boundary l a y e r  a t  a Reynolds number, based on wing chord, of 
25  x 106 nea r  s ea - l eve l .  

I t  was found t h a t  t h e  c r i t i c a l  pimple h e i g h t  a t  0.03-chord was 0.001 i n .  
i n c r e a s i n g  t o  0.003 i n .  a t  0.20-chord, va lues  which a r e  w i th in  experimental  
e r r o r  o f  those e s t ima ted  by t h e  method due t o  Fage. Although t h e  pimples w e r e  
of  no s p e c i f i c  shape,  e. g. ,  c y l i n d r i c a l  o r  con ica l ,  i t  i s  suggested t h a t ,  i n  
view o f  t h e  c l o s e  agreement between es t imated  and observed r e s u l t s ,  no f u r t h e r  
f l i g h t  tests a r e  necessary .  

Author 
A v a i l a b i l i t y :  
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201. Smith, A. M. 0.  ; and C l u t t e r ,  D. W .  : The Sma l l e s t  Height o f  Roughness 
Capable o f  Affec t ing  Boundary-Layer T rans i t i on  i n  Low-Speed Flow. Rep. 
No. ES 26803 (Cont rac t  No. NOa(s) 54-773c), Douglas A i r c r a f t  Co., I n c . ,  
Aug. 31, 1957. 

An i n v e s t i g a t i o n  has  been made t o  determine the  s m a l l e s t  s i z e  of  i s o l a t e d  
roughness t h a t  w i l l  a f f e c t  t r a n s i t i o n  i n  a laminar  boundary l a y e r .  The i n v e s t i -  
g a t i o n  w a s  made i n  t h e  Douglas E l  Segundo wind tunne l  on a 108-inch-chord t e s t  
s u r f a c e  designed t o  g ive  l a r g e  e x t e n t s  o f  laminar flow; t h e  x-Reynolds number 
of t r a n s i t i o n  UTxT/V ranged from 2.0 x l o 6  t o  7.4 x lo6 .  C r i t i c a l  h e i g h t s  
were found f o r  t h r e e  types  o f  roughness over  a range o f  v a r i a b l e s  l a r g e r  than 
t h a t  covered by prev ious  experiments.  The types o f  roughness were: 

( a )  Two-dimensional, i n  t h e  form o f  spanwise w i r e s  having var ious  
diameters .  

(b)  Three-dimensional, i n  t h e  form o f  1/16-inch-diameter d i s c s  o f  var ious  
th icknesses .  

( c )  Sandpaper type.  

I n  a d d i t i o n  t o  t h e  types  of  roughness, t h e  t e s t s  covered a cons iderab le  range of  
Reynolds numbers, l o c a t i o n s  o f  roughness on the  t e s t  s u r f a c e ,  and p r e s s u r e  d i s -  
t r i b u t i o n s .  Supplementary tests were performed t o  compare fou r  methods of  
l o c a t i n g  t r a n s i t i o n ,  namely, ch ina  c l ay ,  the  s t e thoscope ,  t h e  to ta l -head  tube ,  
and t h e  h o t  w i r e .  B r i e f  tests were made t o  f i n d  t h e  e f f e c t  of  tunne l  tu rbulence  
on c r i t i c a l  roughness h e i g h t .  
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A v a i l a b i l i t y :  
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N-57041 



202. Jack, John R.; Wisniewski, Richard J. ; and Diaconis,  Nick S. : E f f e c t  of  
Extreme Surface Cooling on Boundary-Layer T rans i t i on .  NACA TN 4094, 
195 7. 

An i n v e s t i g a t i o n  was made t o  determine the  combined e f f e c t s  of su r f ace  
cool ing,  p re s su re  g rad ien t s ,  nose b lunt ing ,  and s u r f a c e  f i n i s h  on boundary-layer 
t r a n s i t i o n .  Data were obtained f o r  var ious  body shapes a t  a Mach number of  3.12 
and Reynolds numbers p e r  f o o t  a s  high a s  1 5 x 1 0 ~ .  

Previous t r a n s i t i o n  s t u d i e s ,  with moderate cool ing,  have shown agreement 
with the  p r e d i c t i o n s  of s t a b i l i t y  theory.  For su r f ace  roughnesses ranging from 
4 t o  1250 microinches the  l o c a t i o n  of  t r a n s i t i o n  was unaffected with moderate 
cool ing.  With extreme cool ing,  an adverse e f f e c t  was observed f o r  each of t h e  
parameters i nves t iga t ed .  In  gene ra l ,  the  t r a n s i t i o n  Reynolds number decreased 
with decreas ing  s u r f  ace temperature.  I n  p a r t i c u l a r ,  t he  b e n e f i c i a l  e f f e c t s  o f  
a favorable  p re s su re  g rad ien t  ob ta ined  with moderate cool ing  d isappear  wi th  
extreme cool ing ,  and a t r a n s i t i o n  Reynolds number lower than t h a t  observed on a 
cone i s  obta ined .  Fur ther ,  an inc rease  i n  t h e  nose b luntness  decreased t h e  
t r a n s i t i o n  Reynolds number under condi t ions  o f  extreme cool ing.  

Author 
A v a i l a b i l i t y  : 
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203. Goldsmith, John: Inf luence  of S ingle  Roughness Elements on Trans i t i on  a t  
High Reynolds Numbers. Rep. No. NAI-56-428 (Rep. No. BLC-88), Northrop 
A i r c r a f t ,  Inc.  , Apr. 1956. (Avai lable  from DDC a s  AD 105 926 ( a )  . ) 

Trans i t i on  experiments have been conducted i n  a 2-inch diameter  tube i n  
o rde r  t o  determine t h e  inf luence  of s i n g l e  small  c y l i n d r i c a l  obs t ac l e s .  The 
t r a n s i t i o n  l eng th  Reynolds number of t h e  tube i n  t h e  smooth condi t ion  was about 
1 5 x 1 0 ~ .  Resul t s  of t h e  p re sen t  measurements i n  t he  low Reynolds number range 
do n o t  d i f f e r  g r e a t l y  from s i m i l a r  measurements made on f l a t  p l a t e s  and laminar 
a i r f o i l s .  The measured value of  t h e  Reynolds number of the  roughness element 
(based on roughness he ight  and the  l o c a l  v e l o c i t y  a t  t h i s  he igh t )  i s  nea r ly  
cons tan t  and equal  t o  about 600. 

Author 
A v a i l a b i l i t y  : 
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204. Braslow, Alber t  L.; and Horton, Elmer A. :  E f f e c t s  of  Surface Roughness on 
Trans i t i on .  NACA Conference on High-Speed Aerodynamics - A Compilation 
of t he  Papers Presented,  NASA, Mar. 1958, pp. 439-450. 

I t  i s  known, a t  l e a s t  q u a l i t a t i v e l y ,  how such f a c t o r s  a s  p re s su re  g rad ien t s  
and leading-edge sweep inf luence  the  a b i l i t y  t o  maintain laminar flow over 
smooth conf igura t ions .  I f ,  a f t e r  a s tudy o f  such e f f e c t s ,  laminar flow s t i l l  
appears p o s s i b l e ,  the next  hurd le  t o  be overcome i s  the  adverse e f f e c t  of su r -  
face roughness on t r a n s i t i o n .  This paper w i l l  review recen t  r e s u l t s  obtained 



a t  supersonic  speeds a s  we l l  a s  subsonic on the  s i z e  of roughness requi red  t o  
promote premature t r a n s i t i o n .  
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205. Braslow, A lbe r t  L.; and Knox, Eugene C . :  S imp l i f i ed  Method f o r  ~ e t e r m i n a -  
t i o n  of  C r i t i c a l  Height of  D i s t r ibu ted  Roughness P a r t i c l e s  f o r  Boundary- 
Layer T rans i t i on  a t  Mach Numbers From 0 t o  5. NACA TN 4363, 1958. 

A s i m p l i f i e d  method has been devised f o r  determinat ion of the  c r i t i c a l  
h e i g h t  of  three-dimensional roughness p a r t i c l e s  r equ i r ed  t o  promote premature 
t r a n s i t i o n  of a laminar  boundary l a y e r  on models of a i r p l a n e s  o r  a i r p l a n e  com- 
ponents  i n  a wind tunnel  wi th  zero h e a t  t r a n s f e r .  A s i n g l e  equat ion i s  der ived  
which r e l a t e s  t h e  roughness h e i g h t  t o  a Reynolds number based on the  roughness 
h e i g h t  and on l o c a l  flow condi t ions  a t  t h e  he igh t  of  t he  roughness, and c h a r t s  
a r e  presented  from which t h e  c r i t i c a l  roughness he igh t  can be e a s i l y  obta ined  
f o r  Mach numbers from 0 t o  5 .  A d i scuss ion  of t h e  use of t hese  c h a r t s  i s  pre-  
s en ted  wi th  cons ide ra t ion  of  var ious  model conf igura t ions .  

The method has been appl ied  t o  var ious  types o f  con f igu ra t ions  i n  s e v e r a l  
wind-tunnel i n v e s t i g a t i o n s  conducted by the  National  Advisory Committee f o r  
Aeronautics a t  Mach numbers up t o  4,  and i n  a l l  cases  t h e  ca l cu la t ed  roughness 
h e i g h t  caused premature boundary-layer t r a n s i t i o n  f o r  t h e  range of t e s t  
condi t ions .  
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206. Von Doenhoff, A lbe r t  E . ;  and Horton, Elmer A . :  A Low-Speed Experimental 
I n v e s t i g a t i o n  of t he  E f f e c t  o f  a Sandpaper Type o f  Roughness on 
Boundary-Layer  rans sit ion. NACA Rep. 1349, 1958. (Supersedes NACA 
TN 3858.) 

An i n v e s t i g a t i o n  was made i n  t he  Langley low-turbulence p re s su re  tunnel  t o  
determine the  e f f e c t  of s i z e  and l o c a t i o n  of a sandpaper type of roughness on 
t h e  Reynolds number f o r  t r a n s i t i o n .  T rans i t i on  was observed by means o f  a ho t -  
wi re  anemometer l oca t ed  a t  var ious  chordwise s t a t i o n s  f o r  each p o s i t i o n  of  t h e  
roughness. These observa t ions  i n d i c a t e d  t h a t  when t h e  roughness i s  s u f f i c i e n t l y  
submerged i n  t h e  boundary l a y e r  t o  provide a s u b s t a n t i a l l y  l i n e a r  v a r i a t i o n  o f  
boundary-layer v e l o c i t y  wi th  d i s t ance  from t h e  su r f ace  up t o  t he  top of  the  
roughness, t u r b u l e n t  "spots"  begin t o  appear immediately behind the  roughness 
when the  Reynolds number based on the  v e l o c i t y  a t  t he  top  of t he  roughness and 
t h e  roughness h e i g h t  exceeds a value of  approximately 600. 

A t  Reynolds numbers even s l i g h t l y  below the  c r i t i c a l  value (value f o r  
t r a n s i t i o n ) ,  t h e  sandpaper type  of  roughness introduced no measurable d i s t u r -  
bances i n t o  the  laminar l a y e r  downstream of  the .roughness. The e x t e n t  of t h e  



roughened a r e a  does n o t  appear t o  have an important  e f f e c t  on the  c r i t i c a l  
value of t he  roughness Reynolds number. 

Author 
A v a i l a b i l i t y :  
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207. Wortmann, F. X . :  Drag Reduction f o r  Gl iders  (cont inued) .  NASA TM-75293, 
1978. 

Continuation of  a d i scuss ion  of t h e  var ious  f a c t o r s  t h a t  can con t r ibu te  t o  
a decrease i n  drag  of g l i d e r  a i r c r a f t .  The p o s s i b i l i t y  of reducing drag  by 
proper  s e l e c t i o n  of t h e  wing planform and warping of  t he  wing has been d iscussed  
i n  P a r t  1. A d i scuss ion  i s  now given of  t h e  var ious  a spec t s  a s soc i a t ed  wi th  
drag decrease by proper  s e l e c t i o n  of  t h e  wing p r o f i l e ,  l aminar iza t ion  of t h e  
flow (boundary-layer c o n t r o l ) ,  and proper  design of  t ra i l ing-edge  f l a p s ,  landing 
f l a p s ,  fuse lage ,  and t a i l  assembly. 

A v a i l a b i l i t y :  
N78-24116 

208. Carmichael, B. H . :  C r i t i c a l  Reynolds Numbers f o r  Mult iple  Three Dimen- 
s i o n a l  Roughness Elements. Rep. No. NAI-58-589 (BLC-112) , Northrop 
A i r c r a f t ,  I nc . ,  J u l y  31, 1958. 

Roughness s i z e  s u f f i c i e n t  t o  t r i p  t h e  laminar boundary l a y e r  i s  extended 
i n  t h i s  s tudy t o  mu l t ip l e  3-dimensional roughness elements.  E f f e c t s  of diam- 
e t e r ,  h e i g h t ,  spacing,  number of  elements,  number of  rows, d i s s i m i l a r  diameter ,  
and d i s s i m i l a r  he igh t  a r e  t r e a t e d  i n  d e t a i l .  

Author 
A v a i l a b i l i t y :  

N66-80685 
SN-24021, Ju ly  1958 
NAI-58-589 (BLC-112) 

209. Rabb, Leonard; and Krasnican, Milan J . :  E f f e c t s  of Surface Roughness and 
Extreme Cooling on Boundary-Layer T rans i t i on  f o r  15O Cone-Cylinder i n  
Free F l i g h t  a t  Mach Numbers t o  7.6. NACA RM E57K19, 1958. 

Three cone-cylinder bodies  were flown t o  ob ta in  boundary-layer- t ransi t ion 
d a t a  a t  very low r a t i o s  of  wa l l  t o  l o c a l  s t ream temperature.  Sur face  f i n i s h e s  
were nominally 2-, 20-, and 50-microinch average roughness he igh t .  The smooth- 
body (2-microin. su r f ace )  t r a n s i t i o n  d a t a  were i n  e x c e l l e n t  agreement with 
previous  smooth-body r e s u l t s .  Laminar boundary l a y e r s  were maintained t o  a 
l o c a l  temperature r a t i o  of 0.35 f o r  t h i s  body. On the  two rough models, t r a n s i -  
t i o n  occurred under condi t ions  genera l ly  be l ieved  t o  be favorable  f o r  maintain- 
i n g  laminar  flow; t h a t  is ,  the  l o c a l  Reynolds numbers were e i t h e r  decreas ing  o r  
cons tan t  and the  l o c a l  temperature r a t i o s  were decreasing.  This " t r a n s i t i o n  
r e v e r s a l "  phenomenon was o r i g i n a l l y  descr ibed  by Jack ,  Wisniewski, and Diaconis 
f o r  smooth bodies and bodies  with uniformly d i s t r i b u t e d  roughness. The t r a n s i -  



t i o n  d a t a  of  t h e  two rough models q u a l i t a t i v e l y  confirm t h e i r  r e s u l t s .  Turbu- 
l e n t  h e a t - t r a n s f e r  d a t a  were i n  good agreement with t h e o r e t i c a l  t u r b u l e n t  
S tan ton  numbers when h e a t - t r a n s f e r  reduc t ion  due t o  t i p  b l u n t i n g  was considered.  

The maximum f ree-s t ream Mach number f o r  t he se  f l i g h t s  was 7.6,  and t h e  
maximum Reynolds number (uncor rec ted  f o r  b l u n t - t i p  e f f e c t s )  a t  which laminar  
flow was observed was 4 6 . 3 ~ 1 0 ~ .  

Author 
A v a i l a b i l i t y :  

N78-78529 

210. Cambridge Univers i ty  Aeronaut ical  Laboratory: Experiments on D i s t r i b u t e d  
Suc t ion  Through a Rough Porous Sur face .  R. & M. No. 3118, B r i t i s h  
A.R.C., 1959. 

F l i g h t  tests i n  which s u c t i o n  was app l i ed  through a s l i g h t l y  rough porous 
s u r f a c e  t o  main ta in  laminar flow i n  t h e  boundary l a y e r  have shown t h a t  when the  
p r e s s u r e  on t h e  su r f ace  was uniform t h e r e  was an upper l i m i t  t o  t h e  a i r s p e e d  
o u t s i d e  t h e  l a y e r  above which no reasonable  suc t ion  would p reven t  t r a n s i t i o n  i n  
tu rbulence .  Comparison between these  and s i m i l a r  t e s t s  on a smoother s u r f a c e  
sugges t  t h a t  t h e r e  w i l l  b e ,  a s s o c i a t e d  wi th  every porous s u r f a c e ,  two l i m i t i n g  
speeds ,  one above which no reasonable  s u c t i o n  w i l l  maintain laminar flow and one 
below which t h e  su r f ace  can be regarded a s  aerodynamically smooth. Considera- 
t i o n  i s  given t o  t h e  way i n  which these  speeds w i l l  vary with t h e  k inemat ic  
v i s c o s i t y  of  t h e  a i r ,  i n  cond i t i ons  which l e a d  t o  dynamical s i m i l a r i t y .  
(Anson a i r c r a f t .  ) 

Author 
A v a i l a b i l i t y :  

N78-78489 
N-16787X 

211. Carmichael, B. H . :  Surface Waviness C r i t e r i a  f o r  Swept and Unswept Laminar 
Suct ion Wings. Rep. No. NOR-59-438 (BLC-12 3) (Cont rac t  AF33 (616) -3168) , 
Northrop A i r c r a f t ,  I n c . ,  Aug. 1959. 

This  r e p o r t  summarizes t h e  a v a i l a b l e  experimental  d a t a  concerning t h e  
c r i t i c a l  s i z e  of  su r f ace  waviness on swept and unswept laminar  suc t ion  wings. 
A s h o r t  d i s cus s ion  of  a l l  p e r t i n e n t  v a r i a b l e s  is  inc luded .  The design c h a r t s  
apply t o  s i n u s o i d a l  waves on swept and unswept wings i n  reg ions  having a c l o s e  
approach t o  d i s t r i b u t e d  suc t ion  ( e .g . ,  m u l t i s l o t  c o n s t r u c t i o n ) .  They a l s o  apply 
t o  unswept wings when t h e  wave i s  i n  a nonsuct ion region b u t  where s t r o n g  flow 
a c c e l e r a t i o n  e x i s t s .  A des ign  c h a r t  enables  computation of t h e  c r i t i c a l  wave 
r a t i o  over  a wide range o f  t h e  v a r i a b l e s .  
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A v a i l a b i l i t y  : 
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2 1 2 .  Braslow, Alber t  L. ; Knox, Eugene C.  ; and Horton, Elmer A .  : E f f e c t  of  D i s -  
t r i b u t e d  Three-Dimensional Roughness and Surface Cooling on Boundary- 
Layer Trans i t ion  and L a t e r a l  Spread of Turbulence a t  Supersonic Speeds. 
NASA TN D-53, 1959. (Supersedes NACA RM L58A17,) 

An i n v e s t i g a t i o n  was made i n  t he  Langley 4-  by 4-foot  supersonic p re s su re  
tunnel  a t  Mach numbers of 1 .61 and 2 . O 1  t o  determine (1) the  e f f e c t  of d i s t r i b -  
uted roughness on boundary-layer t r a n s i t i o n  w i t h  t he  model su r f ace  a t  a d i a b a t i c  
wa l l  temperature and cooled and ( 2 )  the e f f e c t  of  su r f ace  cool ing  on t h e  l a t e r a l  
spread of turbulence.  Both d i s t r i b u t e d  granular- type and s i n g l e  s p h e r i c a l  
roughness p a r t i c l e s  were used, and t r a n s i t i o n  of t h e  boundary l a y e r  was d e t e r -  
mined by hot-wire anemometers. The t r a n s i t i o n - t r i g g e r i n g  mechanism of  t h e  
three-dimensional roughness a t  supersonic speeds appeared t o  be the  same a s  t h a t  
prev ious ly  observed a t  subsonic spee n f a c t ,  t he  c r i t i c a l  value of  t h e  

roughness Reynolds number parameter ( t h a t  i s ,  the  value a t  which turbu- 
l e n t  s p o t s  a r e  i n i t i a t e d  by the  roug was found t o  be approximately t h e  
same a t  supersonic and subsonic speeds when complete l o c a l  condi t ions  a t  t h e  top  
of the  roughness, inc luding  dens i ty  and v i s c o s i t y ,  were considered i n  t h e  formu- 
l a t i o n  of t he  roughness Reynolds number. For three-dimensional roughness a t  a 
Reynolds number l e s s  than i t s  c r i t i c a l  va lue ,  t he  roughness in t roduced  no d i s -  
turbances of  s u f f i c i e n t  magnitude t o  inf luence  t r a n s i t i o n .  Surface cool ing ,  
although provid ing  a t h e o r e t i c a l  i nc rease  i n  s t a b i l i t y  t o  small  d i s turbances ,  
d id  n o t  i nc rease  t o  any important  e x t e n t  t h e  value of  t h e  c r i t i c a l  roughness 
Reynolds number f o r  three-dimensional roughness p a r t i c l e s .  Cooling, t h e r e f o r e ,  
because of i t s  e f f e c t  on the  boundary-layer th ickness ,  dens i ty ,  and v i s c o s i t y  
a c t u a l l y  promoted t r a n s i t i o n  due t o  e x i s t i n g  three-dimensional su r f ace  roughness 
f o r  given Mach and Reynolds numbers. The measured l a t e r a l  spread of  tu rbulence  
i n  t h e  boundary l a y e r  appeared t o  be unaffected by t h e  increased  laminar s t a -  
b i l i t y  der ived  from t h e  su r f ace  cool ing.  

Author 

213. Coleman, W.  S.: The E f f e c t  on P r o f i l e  Drag of Randomly Di s t r ibu ted ,  Low- 
I n t e n s i t y  Roughness. Blackburn A i r c r a f t  Ltd. ,  Jan.  1960. 

The e f f e c t  of  random, o r  acc iden ta l ,  roughness on the  behaviour o f  t he  
boundary l a y e r  i s  d iscussed  i n  terms of t h e  tu rbu len t  s p o t s  generated by t h e  
excrescences.  Functions de f in ing  the  p r o b a b i l i t y  d i s t r i b u t i o n  of laminar and 
tu rbu len t  flow a t  any cross-sec t ion  of t he  boundary l a y e r  a r e  obta ined  from 
( a )  t he  kinematic  p r o p e r t i e s  of spo t s ,  and (b)  t he  t r a n s i t i o n  theory  of Emrnons. 
The two approaches a r e  found t o  l e a d  t o  s u b s t a n t i a l l y  t h e  same r e s u l t .  F i n a l l y ,  
the  i n f luence  of t h e  roughness on wing p r o f i l e  drag i s  considered. I t  i s  shown 
t h a t  an appreciable  i nc rease  of drag may be expected t o  develop when the  mean 
spacing of t h e  c r i t i c a l  excrescences near t he  l ead ing  edge f a l l s  below about 0.5 
of the  chord. 
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214. Bidwell ,  J e r o l d  M. :  Roughness E f f e c t  on Boundary-Layer T rans i t i on  With a 
Cold Wall. R-60-6, The Martin Co. , Apr. 1960. 

This  r e p o r t  p r e s e n t s  a review of t h e  c u r r e n t  s t a t e  of  t he  a r t  and a f u r t h e r  
s tudy  of  t he  e f f e c t s  of a co ld  wal l  on t h e  laminar boundary l a y e r .  

The c r i t i c a l  roughness Reynolds number was used with t h e  Chapman-Rubesin 
f l a t - p l a t e  laminar-boundary-layer equa t ions  t o  extend t h e  i n su l a t ed -wa l l  
c r i t i c a l - roughness  c h a r t s  of  Braslow and Knox t o  cases  of  l a r g e  h e a t  t r a n s f e r  
t o  t h e  w a l l .  Curves of  laminar-boundary-layer p r o p e r t i e s  f o r  wal l - to - f ree-  
stream-temperature r a t i o s  from 0.08 t o  1 .5  and Mach numbers from 1 t o  5 a r e  
presen ted .  The mechanism of t h e  roughness e f f e c t  on boundary-layer t r a n s i t i o n  
i s  b r i e f l y  reviewed, A b ib l iography  of  some important  papers  concerning t h e  
roughness e f f e c t  on boundary-layer t r a n s i t i o n  i s  a l s o  inc luded .  

Author 
A v a i l a b i l i t y :  
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215. Braslow, A l b e r t  L.: Review of t h e  E f f e c t  of  D i s t r i bu t ed  Surface Roughness 
on Boundary-Layer T rans i t i on .  Presen ted  t o  meeting o f  AGARD Wind Tunnel 
and Model Tes t i ng  Panel (London, England) ,  Apr. 25-29, 1960. 

Presen ted  i s  a d i s cus s ion  of  t h e  t r a n s i t i o n  phenomena a s soc i a t ed  wi th  d i s -  
t r i b u t e d  roughness,  a c o r r e l a t i o n  of three-dimensional roughness e f f e c t s  a t  bo th  
subsonic  and supe r son ic  speeds,  and the  e f f e c t  o f  laminar boundary-layer s t a -  
b i l i t y  a s  i n £  luenced by h e a t  t r a n s f e r ,  p r e s su re  g r a d i e n t s ,  and boundary-layer 
c o n t r o l  on t h e  s e n s i t i v i t y  of  laminar  flow t o  d i s t r i b u t e d  roughness. The 
r e s u l t s  p resen ted  i n d i c a t e  t h a t  t he  t r a n s i t i o n - t r i g g e r i n g  mechanism o f  t h r ee -  
dimensional-type s u r f a c e  roughness appears  t o  be t h e  same a t  supersonic  and sub- 
s o n i c  speeds.  I n  e i t h e r  ca se ,  a Reynolds number based on the  he igh t  o f  t h e  
roughness and t h e  l o c a l  flow cond i t i ons  a t  t h e  t o p  o f  the  roughness can be used 
t o  p r e d i c t  with reasonable  accuracy t h e  h e i g h t  o f  three-dimensional roughness 
r equ i r ed  t o  cause premature t r a n s i t i o n .  Nei ther  t h e  three-dimensional roughness 
Reynolds number n o r  t h e  l a t e r a l  spread  o f  tu rbulence  behind t h e  roughness i s  
changed t o  any important  e x t e n t  by i n c r e a s i n g  t h e  laminar boundary-layer s t a -  
b i l i t y  t o  t h e o r e t i c a l l y  small  d i s tu rbances .  Therefore ,  f o r  a given s t r eam Mach 
number and Reynolds number, su r f ace  coo l ing ,  boundary-layer suc t ion ,  o r  a favor-  
a b l e  p r e s s u r e  g r a d i e n t  w i l l ,  i n  t h e  presence  of  three-dimensional roughness,  
promote r a t h e r  than  de lay  t r a n s i t i o n .  
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216. Von Doenhoff, A lbe r t  E .  ; and Braslow, Alber t  L. : The E f f e c t  of  D i s t r i b u t e d  
Roughness on Laminar Flow. Boundary Layer and Flow Cont ro l ,  Volume 2 ,  
G. V. Lachmann, e d . ,  Pergamon P r e s s ,  1961, pp. 657-681. 



I n  a p rev ious  s e c t i o n  of  t h i s  volume, a review was presen ted  of  t h e  manner 
i n  which flow i n  a boundary l a y e r  becomes t u r b u l e n t .  P re sen t  knowledge i n d i -  
c a t e s  t h a t  r ega rd l e s s  o f  t he  type  of  i n i t i a l  d i s turbance  p r e s e n t ,  turbulence 
always s t a r t s  from p o i n t - l i k e  t u r b u l e n t  s p o t s  which grow i n  s i z e  with downstream 
movement and f i n a l l y  merge t o  form a cont inuously t u r b u l e n t  reg ion .  The most 
upstream l o c a t i o n  o f  cont inuously t u r b u l e n t  flow, however, does depend upon the  
type and magnitude of  t he  i n i t i a l  d i s turbance  such a s  s t ream turbulence  l e v e l  o r  
s u r f a c e  pro tuberances .  A d i s cus s ion  o f  t r a n s i t i o n  r e s u l t i n g  from two-dimensional 
type s u r f  ace  i r r e g u l a r i t i e s  was contained i n  a prev ious  s e c t i o n  . The p r e s e n t  
d i s cus s ion  w i l l  d e a l  with three-dimensional type protuberances.  

Author 

217. Gerhardt ,  H .  A . :  A t t a in ing  Surface Smoothness i n  LFC Wings. NOR-64-63 
(Cont rac t  AF33 (600) -42052) , Northrop Corp. , Jan. 1964. 

The s t r u c t u r a l  des ign  and manufacturing approaches f o r  a t ta inment  o f  su r -  
f ace  smoothness on wings wi th  laminar  flow c o n t r o l  a s  developed by t h e  Northrop 
Corporat ion a r e  presen ted .  I n  p a r t i c u l a r ,  experience gained du r ing  t h e  manu- 
f a c t u r i n g  procedures  of t h e  X-21A a i r c r a f t  i s  t r e a t e d .  A survey i s  given o f  t h e  
t o l e r a n c e s  on su r f ace  waves, gaps,  and s t e p s ,  and t h e  techniques o f  waviness 
measurement a r e  po in t ed  o u t .  Sur face  f i n i s h i n g  processes  such a s  f i l l i n g  and 
sanding,  and a r e p a i r  technique,  a r e  o u t l i n e d .  

Author 
A v a i l a b i l i t y  : 

NOR-64 -6 3 

218. Head, M. R . :  T rans i t i on  Due t o  Roughness. J. R. Aeronaut. Soc. ,  vo l .  69, 
no. 653, May 1965, pp. 344-345. 

Considerat ion o f  t h e  common s ta tement  i n  t he  l i t e r a t u r e  on laminar flow 
c o n t r o l  t h a t  t he  important  parameter  c o n t r o l l i n g  t h e  h e i g h t  o f  t o l e r a b l e  rough- 
nes s  i s  t h e  Reynolds number p e r  f o o t ,  o r  u n i t  Reynolds number, U/V; provided 
t h i s  parameter  i s  t h e  same i n  any two cases  (which a r e  c l o s e l y  s i m i l a r  geo- 
m e t r i c a l l y ) ,  then it i s  assumed t h a t  t h e  t o l e r a b l e  roughness h e i g h t  w i l l  a l s o  
be s i m i l a r . .  It is poin ted  o u t  t h a t  t h i s  i s  t r u e  only i n  very  r e s t r i c t e d  circum- 
s t a n c e s ,  and it is shown t h a t ,  i n  gene ra l ,  t h e  a c t u a l  p h y s i c a l  s c a l e  i s  a l s o  o f  
cons iderab le  importance. 

A v a i l a b i l i t y  : 
A65-26127 

219. Gas te r ,  M . :  A Simple Device f o r  Prevent ing Turbulent  Contamination on 
Swept Leading Edges. J. R. Aeronaut. Soc. ,  v o l .  69,  no. 659, Nov. 1965, 
pp,  788-789. 

Descr ip t ion  of simple means f o r  p r even t ing  t h e  t u r b u l e n t  contamination of 
t h e  laminar  flow on h ighly  swept wings. This  tu rbulence  a r i s e s  a t  t h e  r o o t  of  



the wing and sweeps along t h e  attachment l i n e .  I t  i s  suggested that by 
"a t t ach ing"  a  bump on the  l ead ing  edge, s o  shaped t h a t  a  f r e s h  s t a g n a t i o n  p o i n t  
i s  c r e a t e d ,  it i s  p o s s i b l e  t o  maintain a  new boundary l a y e r  which forms ou t -  
board i n  a  laminar  s t a t e  on t h e  attachment l i n e ,  The r e s u l t s  of  wind-tunnel 
and f l i g h t  tests wi th  t h i s  concept  a r e  reviewed. 

220. Carmichael, B. H . :  P r ed i c t i on  of  C r i t i c a l  Reynolds Numbers f o r  S i n g l e  
Three-Dimensional Roughness Elements. Rep. No. NAI-58-412 (BLC-109) 
(Cont rac t  AF'33 (616) -3168) , Northrop A i r c r a f t ,  I n c . ,  May 1958. 

An improved method f o r  t h e  p r e d i c t i o n  o f  roughness s i z e  j u s t  s u f f i c i e n t  to 
t r i p  t h e  laminar  boundary l a y e r  t o  t h e  t u r b u l e n t  s t a t e  has  been exper imenta l ly  
ob ta ined .  Resu l t s  a r e  r e s t r i c t e d  t o  s i n g l e  t h r e e  dimensional c y l i n d r i c a l  e l e -  
ments wi th  f l a t  t o p  i n  an incompressible  boundary l a y e r  wi thout  s u c t i o n .  The 
r e s u l t s  a r e  app l i cab l e  t o  c y l i n d e r s  of  any h e i g h t  ( n o t  exceeding t h e  t o t a l  
boundary l a y e r  t h i cknes s )  and any diameter ,  l o c a t e d  anywhere on t h e  su r f ace  
w i t h  a  wide v a r i e t y  of  a l lowable p re s su re  d i s t r i b u t i o n s .  

The c r i t i c a l  S c h i l l e r  number Rk = uk - k/Vk i s  found t o  be a  func t ion  of  a  
s i n g l e  parameter  k2/Okd which i s  the  product  of  t h e  roughness f i nenes s  r a t i o  
k/d and t h e  roughness r e l a t i v e  he igh t  k/Ok. This  c o r r e l a t i o n  was found t o  be 
independent of  l o c a t i o n  on t h e  su r f ace  and v e l o c i t y  d i s t r i b u t i o n .  

An equa l ly  accu ra t e  c o r r e l a t i o n  was found when t h e  c r i t i c a l  diameter  
U . d  

Reynolds number - was p l o t t e d  a g a i n s t  k2/8d. 
Author 
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221. Anderson, G .  F. ;  Su t e r a ,  S. P . ;  and Murthy, V. S . :  Laminar Boundary Layer 
Cont ro l  by Combined Blowing and Suct ion i n  t h e  Presence of  Roughness. 
WT-51, Brown Univ., Oct. 1967. (Avai lable  from DDC a s  AD 666 569.) 
(Shortened ve r s ions  of t h i s  document a r e  a v a i l a b l e  i n  J. Hydronaut., 
vo l .  3, no. 3, Ju ly  1969, pp. 145-151, and a s  AIAA Paper No. 68-642.) 

The f e a s i b i l i t y  of  maintaining a  f u l l y  laminar  boundary l a y e r  on a  given 
two-dimensional body by means o f  combined blowing and suc t ion  and t h e  e f f e c t i v e -  
ne s s  o f  blowing f o r  i nc reas ing  t h e  boundary l a y e r s  t o l e r ance  t o  roughness a r e  
i n v e s t i g a t e d  t h e o r e t i c a l l y .  The p o t e n t i a l  f low p a s t  t he  body i s  determined by 
us ing  a  s u i t a b l y  s e l e c t e d  source d i s t r i b u t i o n  and then r e f i n i n g  the  body 
obta ined  from t h i s  s e l e c t i o n  by means o f  s l ende r  body techniques.  The boundary- 
l a y e r  c a l c u l a t i o n s  a r e  then made f o r  va r ious  blowing r a t e s  a t  t h e  s t agna t ion  



p o i n t ,  The c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  combination of s u c t i o n ,  a p p l i e d  t o  
maintain a  laminar  boundary l a y e r ,  and blowing nea r  t h e  s t a g n a t i o n  p o i n t ,  t o  
improve t h e  t o l e r ance  of t h e  laminar  boundary t o  roughness,  can s u b s t a n t i a l l y  
reduce t h e  s k i n  f r i c t i o n  of bodies  ope ra t i ng  a t  h igh  Reynolds numbers. 

Author 
A v a i l a b i l i t y :  
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222. Gibbings,  J. C . ;  and Ha l l ,  D.  J . :  C r i t e r i o n  f o r  Tolerab le  Roughness i n  a  
Laminar Boundary Layer. J .  A i r c r . ,  v o l .  6 ,  no. 2 ,  Mar.-Apr. 1969, 
pp. 171-173. 

Discussion of  t he  degree o f  su r f ace  roughness t h a t  an incompressible  lami- 
n a r  boundary l a y e r  can t o l e r a t e  without  t r a n s i t i o n  being a f f e c t e d .  I t  i s  impor- 
t a n t  f i r s t  t o  de f ine  what i s  meant by " t o l e r a b l e "  roughness and second, t o  
d i s t i n g u i s h  between the  e f f e c t s  of  two-dimensional and three-dimensional  rough- 
ness  shapes.  Various c r i t e r i a  f o r  t o l e r a b l e  roughness a r e  cons idered  and 
eva lua ted .  

A v a i l a b i l i t y :  
A69-26774 

223. Hahn, Mansop; and Pfenninger ,  W . :  Prevent ion of  T rans i t i on  Over a  Backward 
S tep  by Suct ion.  J. A i r c r . ,  vo l .  10, no. 10,  Oct. 1973, pp. 618-622. 

A s t udy  was made on prevent ion  o f  t r a n s i t i o n  of  t h e  flow downstream o f  a 
backward f a c i n g  s t e p  by means of  suc t ion .  D i s t r i bu t ed  suc t ion  was approached 
through c l o s e l y  spaced s l o t s  i n  t h e  reg ion  downstream of  t h e  s t e p .  The optimum 
l o c a t i o n  and r a t e  of  suc t ion  t o  maintain laminar flow downstream of  t h e  s t e p  
were determined. The e f f e c t s  of  s t e p  h e i g h t  Reynolds number on t r a n s i t i o n  o f  
t h e  boundary l a y e r  with and wi thout  suc t ion  were i n v e s t i g a t e d .  Suc t ion  i n  t h e  
region s l i g h t l y  upstream of  reat tachment  shortened the  reat tachment  l eng th  by 
about 20% and was very e f f e c t i v e  i n  prevent ing  t r a n s i t i o n .  The minimum s u c t i o n  
r a t e  r equ i r ed  f o r  l amina r i za t i on  of  t h e  flow downstream of  t h e  s t e p  w a s  equiva- 
l e n t  t o  15-20% removal of t h e  boundary-layer displacement t h i cknes s  upstream of 
t he  s t e p .  The t r a n s i t i o n  Reynolds number based on s t e p  he igh t  was i nc reased  
from 1100 without  suc t ion  t o  2200 with suc t ion .  
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224. Kachanov, Ju .  S. ;  Kozlov, V.  V . ;  Kot jo lk in ,  Ju.  D . ;  Levchenko, V. J a . ;  and 
Rudnitsky, A. L . :  Laminar Boundary Layer on a  Wavy Wall. Acta 
As t ronaut . ,  vo l .  2 ,  no. 5/6,  May/June 1975, pp. 557-559. 



The r e s u l t s  of the measurements of  ve loc i ty  p r o f i l e s  i n  t he  boundary l a y e r  
on a wavy wa l l  a r e  proved t o  be i n  good accord with ~ o r t l e r ' s  t h e o r e t i c a l  model 
developed t o  desc r ibe  such flows. P rec i se  measurements of the  mean v e l o c i t y  
p r o f i l e s  i n  an a i r  flow have been performed with t h e  use of a laser-anemometer 
system. 
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225 .  Merkle, Charles  L . ;  Tzou, Kent T. S . ;  and Kubota, Toshi: An Analy t ica l  
Study o f  t he  E f f e c t  o f  Surface Roughness on Boundary-Layer S t a b i l i t y .  
DT-7606-4 (Cont rac t  N00014-77-C-0005) , Dynamics Technol. , Inc.  , Oct. 
1977. (Avai lable  from DDC a s  AD A004 786.) 

An a n a l y t i c a l  model has  been developed t o  descr ibe  t h e  manner i n  which d i s -  
t r i b u t e d  s u r f  ace roughness a f f e c t s  t r a n s i t i o n .  The mode 1 p i c t u r e s  t he  roughness 
a s  having two d i s t i n c t  e f f e c t s :  one, i t  in t roduces  h ighe r  d is turbance  l e v e l s  i n  
t he  boundary l a y e r ;  and two, it a l t e r s  the  mean v e l o c i t y  p r o f i l e  and, hence, t h e  
growth r a t e  of t h e  d is turbances .  The a l t e r a t i o n  of  t h e  mean ve loc i ty  p r o f i l e  i s  
descr ibed  by means of a t u r b u l e n t  sub laye r ,  which v i s u a l i z e s  an enhanced momen- 
turn t r a n s f e r  i n  a narrow l a y e r  next  t o  the  su r f ace .  The corresponding change i n  
the  ampl i f i ca t ion  of  d i s turbances  i s  then determined by means of  l i n e a r  s t a -  
b i l i t y  theory ,  and is  r e l a t e d  t o  t r a n s i t i o n  by an empi r i ca l  t r a n s i t i o n  c r i t e r i o n .  

A v a i l a b i l i t y  : 
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226. Beasley, William D . ;  and McGhee, Robert J . :  An Exploratory I n v e s t i g a t i o n  
of  the  E f f e c t s  of a Thin P l a s t i c  Film Cover on t h e  P r o f i l e  Drag of an 
A i r c r a f t  Wing Panel.  NASA TM-74073, 1977. 

An explora tory  low-speed wind tunne l  t e s t  has been conducted i n  t h e  Langley 
low-turbulence p re s su re  t unne l  t o  eva lua t e  t h e  concept of applying a t h i n  
p l a s t i c  coa t ing  on an a i r c r a f t  wing pane l  a s  one method of reducing drag  due 
t o  su r f ace  roughnesses o r  excrescences such a s  s t e p s ,  gaps, improperly s ea t ed  
f a s t e n e r s ,  l eaks ,  e t c .  The t e s t  was conducted a t  a Mach number of  0.15 and an 
angle-of-attack of  OO. The chord Reynolds number was va r i ed  from about  7 x 106 
t o  63 x lo6 .  

The r e s u l t s  a t  t he  lowest  Reynolds number i n d i c a t e  t h a t  coa t ing  t h e  wing- 
pane l  decreased t h e  p r o f i l e  drag c o e f f i c i e n t  t o  approximately t h a t  f o r  an aero-  
dynamically smooth NACA 6- se r i e s  laminar  flow a i r f o i l .  A t  Reynolds numbers 
s u f f i c i e n t l y  high t o  i n s u r e  e s s e n t i a l l y  f u l l  chord t u r b u l e n t  boundary l a y e r s  a 
reduct ion  of  about 12-percent w a s  measured. Other types of wing s e c t i o n s  and 
cons t ruc t ion  methods should be i n v e s t i g a t e d  t o  e s t a b l i s h  the  use fu l  range of 
p r o f i l e  drag  reduct ion  by f i l m  coa t ings .  
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227. ~ t k i n s ,  P .  B . :  Wing Leading Edge Contamination by I n s e c t s .  F l i g h t  
Note 17, Aeronaut. Res . Labs. (Melbourne) , Oct. 1951. 

An i n v e s t i g a t i o n  t o  determine the  a r ea  of contamination on leading  edges of  
var ious  a i r c r a f t  showed t h a t ,  on the  convent ional  a e r o f o i l s  t e s t e d ,  up t o  14% 
chord of t he  upper su r f ace  may be a f f e c t e d .  A t  Laverton, Vic. t h e  problem was 
found t o  be q u i t e  s e r i o u s  even i n  Winter - 167 f l i e s  being caught on t h e  leading  
edges of Vampire wings i n  one f l i g h t .  

The r e s u l t s  of  i n s e c t  d i s t r i b u t i o n  varying with atmospheric condi t ions  and 
he igh t  a r e  shown a g a i n s t  r e s u l t s  obtained i n  Louisiana. Corresponding l a t i t u d e s  
i n d i c a t e  t h a t  s i m i l a r  d i s t r i b u t i o n  might be found i n  Aus t r a l i a ,  although types 
and spec i e s  of i n s e c t  would d i f f e r .  

Since i t  i s  imprac t i ca l  t o  prevent  i n s e c t s  from h i t t i n g  t h e  leading  edges 
of a i r c r a f t  wings, it i s  considered t h a t  e f f o r t s  should be made t o  prevent  them 
from i n t e r f e r i n g  s e r i o u s l y  with the  flow over  t h e  wing e i t h e r  by developing 
means of removing them o r  of  dea l ing  with the  turbulence they cause.  
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228. Coleman, Walter S . :  The C h a r a c t e r i s t i c s  o f  Roughness From I n s e c t s  a s  
Observed f o r  Two-Dimensional, Incompressible Flow P a s t  A i r f o i l s .  
J. Aero/Space S c i . ,  vo l .  26, no. 3, May 1959, pp. 264-280. 

Advances i n  t h e  p r a c t i c a l  development of boundary-layer con t ro l  f o r  t he  
maintenance of  ex tens ive  laminar flow have drawn a t t e n t i o n  t o  the  problem of 
sur face  roughness, due no t  only t o  a r t i f i c i a l  i r r e g u l a r i t i e s  such a s  r i v e t  
heads, l a p  j o i n t s ,  window pane l s ,  e t c . ,  b u t  a l s o  t o  t he  kind generated i n  f l i g h t  
from impact with i n s e c t s .  This n a t u r a l  form of  roughening, t he  e f f e c t s  of which 
have been noted,  though no t  i n v e s t i g a t e d  previous ly ,  i s  the  s u b j e c t  of  t h e  
p re sen t  paper .  

The phenomenon may be d iv ided  i n t o  two p a r t s  - namely, (1) t h e  manner of  
d i s t r i b u t i o n  and magnitude of t h e  roughness, and ( 2 )  i t s  e f f e c t  upon the  s t a -  
b i l i t y  of t h e  laminar boundary l aye r .  Wind-tunnel experiments with t h e  f r u i t  
f l y ,  Drosophila,  and the  common housefly f o r  t h e  i n v e s t i g a t i o n  of both (1) and 
(2) i n  the  case  of  two-dimensional, incompressible  flow p a s t  a i r f o i l s  a r e  f u l l y  
descr ibed .  The former problem has a l s o  been t r e a t e d  mathematically i n  a sepa- 
r a t e  paper ,  n o t  y e t  publ i shed ,  agreement between theory and experiment being 
s a t i s f a c t o r y  i n  a l l  e s s e n t i a l s .  

The c h a r a c t e r i s t i c s  of  the  roughness p r o f i l e  c o n s i s t  p r i n c i p a l l y  of a pro- 
nounced peak near  t he  leading  edge, followed by an ex tens ive  a rea  of su r f ace  
over which t h e r e  i s  a much reduced and gradual ly  diminishing value o f  t h e  
excrescence he ight .  Fur ther ,  i t  i s  shown t h a t ,  i f  t h e  severe leading-edge 
roughness, o r  i t s  e f f e c t  upon the  boundary l a y e r ,  can be e l imina ted ,  then t h e  
downstream roughness causes no d is turbance  t o  t h e  passage of a laminar l a y e r  - 
i . e , ,  the  s u r f a c e ,  though roughened, i s  aerodynamically smooth. Moreover, i t  



appears t h a t  the  condi t ions  de f in ing  the  upstream boundary t o  t h i s  reg ion  of 
i n s i g n i f i c a n t  rou-ghness a r e  fundamentally t he  same a s  those which determine the  
c r i t i c a l  s t a t e  f o r  t r a n s i t i o n  a t  an a r t i f i c i a l  d i s turbance  of a three-dimensional 
cha rac t e r .  
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229. Lachmann, G .  V . :  Aspects of I n s e c t  Contamination i n  Relat ion t o  Laminar 
Flow A i r c r a f t .  C .P .  No. 484, B r i t i s h  A . R . C . ,  1960. (Avai lable  from DDC 
a s  AD B029 106.) 

Af t e r  cons iderable  d iscuss ion  it i s  concluded t h a t  t h e r e  i s  a d i s t i n c t  
p o s s i b i l i t y  t h a t  when the c r u i s i n g  a l t i t u d e  and speed of laminarised a i r c r a f t  
a r e  high enough f l y  acc re t ions  w i l l  be eroded t o  such an e x t e n t  t h a t  t h e  rough- 
ness  Reynolds number w i l l  be s u b c r i t i c a l .  

A 1  t e r n a t i v e l y  , two promising methods remain : 

( a )  P r o t e c t i v e  f i lms  o r  adhesive f ib rous  mats app l i ed  t o  the  l ead ing  edge 
p r i o r  t o  take-off and r ipped o f f  a f t e r  reaching c r u i s i n g  a l t i t u d e  
would seem t o  be the  most p r a c t i c a l  form of  p r o t e c t i o n  

(b) Spraying the  l ead ing  edge wi th  water mixed with a de te rgent  appears t o  
be t h e  most promising form of removing f l y  depos i t s  i n  f l i g h t .  

F l i g h t  t r i a l s  on a laminarised a i r c r a f t  w i l l  h e lp  t o  decide whether f l y  
contamination can be ignored a l t o g e t h e r  o r ,  a l t e r n a t i v e l y ,  which of  t h e  two 
methods deserves preference  i n  ope ra t iona l  s e rv i ce .  
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230. Coleman, W. S. : A Theore t ica l  Approach t o  t h e  Aerodynamically S i g n i f i c a n t  
P r o p e r t i e s  of Roughness From Insec t s .  Aeronaut. Q . ,  vo l .  X I ,  p t .  2 ,  
May 1960, pp. 171-194. 

In  prev ious  work the  au thor  draws a t t e n t i o n  t o  t h e  d i f f i c u l t i e s  of  measur- 
i n g  the  streamwise e x t e n t  of the  roughness from i n s e c t s .  The p r e s e n t  paper  
d e a l s  with the  problem t h e o r e t i c a l l y  f o r  an a e r o f o i l  i n  two-dimensional, incom- 
p r e s s i b l e  flow. A t e n t a t i v e  approach t o  the  determinat ion of e f f e c t i v e  excres-  
cence he igh t  downstream of t h e  leading-edge zone i s  a l s o  advanced. The a p p l i -  
c a t i o n  of t hese  i n v e s t i g a t i o n s ,  i n  conjunction with t h e  previous a n a l y s i s  
regard ing  the  c r i t i c a l  condi t ions  f o r  premature t r a n s i t i o n ,  l eads  t o  e s t ima te s  
of  t he  amount of s i g n i f i c a n t  roughness which a r e  i n  good agreement with f l i g h t  
observa t ion .  
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231. Pe te rson ,  John B . ,  J r . ;  and Horton, Elmer A.:  An I n v e s t i g a t i o n  of  t he  
E f f e c t  of  a Highly Favorable Pressure  Gradient  on Boundary-Layer Transi-  
t i o n  a s  Caused by Various Types of Roughness on a PO-Foot-Diameter 
Hemisphere a t  Subsonic Speeds. NASA Memo 2-8-59L, 1959. 

Tes t s  were conducted a t  a Reynolds number up t o  10 x l o 6  and a t  a maximum 
Mach number of  about  0 . 1  which show t h a t  t h e  occurrence o f  t r a n s i t i o n  behind 
three-dimensional p a r t i c l e  types  of  roughness could  be  c o r r e l a t e d  with t h e  
roughness Reynolds number. 

Resul t s  of t e s t s  with two-dimensional types o f  roughness a r e  p re sen t ed  
which show t h e  e f f e c t s  o f  w i r e  and s c r a t c h  types  o f  roughness on t r a n s i t i o n .  
Also inc luded  i n  t h e  i n v e s t i g a t i o n  were s t u d i e s  o f  t h e  spread  of  tu rbulence  
behind a s i n g l e  roughness p a r t i c l e  and the  e f f e c t s  o f  h o l e s  such a s  p r e s s u r e  
o r i f i c e s  on boundary-layer t r a n s i t i o n .  

232. Braslow, A lbe r t  L . ;  Hicks,  Raymond M . ;  and H a r r i s ,  Roy V . ,  Jr.: U s e  o f  
Grit-Type ~oundary-Layer- rans sit ion Trips  on Wind-Tunnel Models. NASA 
TN D-3579, 1966. 

Some gene ra l  gu ide l ines  t h a t  a r e  app l i cab l e  t o  g r i t - t ype  boundary-layer- 
t r a n s i t i o n  t r i p s  l o c a t e d  near  t h e  lead ing  edges o f  model components a r e  p re -  
sen ted .  cond i t i ons  t h a t  permi t  t r a n s i t i o n  t o  be f i x e d  a t  t he  roughness a t  sub- 
son ic  and supersonic  speeds without  a r e s u l t a n t  g r i t  d rag  a r e  reviewed. I n  
c e r t a i n  ca se s  i n  which g r i t  d rag  is  unavoidable,  two methods - t h e  choice of  
which depends upon t h e  c h a r a c t e r i s t i c s  of  t h e  wind tunne l  used - f o r  c o r r e c t i n g  
such drag  a r e  d i scussed .  A t  hypersonic  speeds,  t h e  problem o f  f i x i n g  boundary 
l a y e r  t r a n s i t i o n  without  d i s t o r t i n g  t h e  t u rbu len t  boundary l a y e r  v e l o c i t y  pro- 
f i l e  has  n o t  been solved.  
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233. Coleman, W.  S . :  Roughness Due t o  I n s e c t s .  Boundary Layer and Flow Cont ro l ,  
Volume 2, G. V .  Lachmann, ed . ,  Pergamon P re s s ,  1961, pp. 682-747. 

The problem o f  roughness due t o  i n s e c t s  and what t o  do about  it is  d i s -  
cussed i n  t h i s  comprehensive paper .  The au thor  cons ide r s ,  with thoroughness,  
t h e  f a c t o r s  which determine the formation of  t h i s  roughness. These f a c t o r s  a r e  
ae ronau t i ca l ,  meteoro logica l  and entomological.  The geometr ical  c h a r a c t e r i s t i c s  
of  t he  roughness due t o  i n s e c t s  (he igh t  and d i s t r i b u t i o n  o f  t h e  excrescences)  i s  
a l s o  d i scussed .  Experiments done a r e  descr ibed.  The e f f e c t  o f  roughness on t h e  
s t a b i l i t y  of t h e  boundary l a y e r  i s  d i scus sed  i n  one s e c t i o n .  Avoidance of  e a r l y  
t r a n s i t i o n  by the  use o f  s c r a p e r s ,  d e f l e c t o r s ,  covers  o f  paper  o r  f a b r i c  o r  some 
type of f i lm ,  l i q u i d s  discharged over  t h e  su r f ace ,  e t c . ,  a r e  var ious  devices  
considered i n  t h e  l i g h t  of r e s u l t s  from l abo ra to ry  and f l i g h t  tests. 



234. Wortmann, F. X.: A Method f o r  Avoiding I n s e c t  Roughness on A i r c r a f t .  NASA 
TT F-15,454, 1974. (Also a v a i l a b l e  a s  Eine Moglichkeit  zur  Vermeidung 
d e r  In sek t en rauh igke i t  an Fbugzeugen, Lu f t ah r t t echn ik  Raumfahrttechnik, 
v o l .  9 ,  no. 9 ,  Sept .  1963, pp. 272-274 and i n  OSTIV Publ.  V I I ,  1963.) 

Insect- induced roughness on a i r c r a f t  can be avoided by h ighly  e l a s t i c  
rubber  cover ings  on wing and c o n t r o l  su r f ace  l ead ing  edges.  Film photographs 
have shown t h a t  such e l a s t i c  s u r f  aces  can e l a s t i c a l l y  r e f l e c t  impact ing i n s e c t s  
o r  v i scous  l i q u i d  drops.  This  p r even t s  t h e  formation of  i n s e c t  roughness and 
t h e  endangered fu se l age  and wing l ead ing  edges remain smooth. 
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235. F i s h e r ,  David F. ;  and Pe te rson ,  John B . ,  Jr.: F l i g h t  Experience on the  
Need and Use of  I n f l i g h t  Leading Edge Washing f o r  a  Laminar Flow A i r f o i l .  
AIAA Paper 78-1512, Aug. 1978. 

An i n v e s t i g a t i o n  of  leading-edge contamination by i n s e c t s  was conducted a t  
t h e  NASA Dryden F l i g h t  Research Center  with a  J e t S t a r  a i r p l a n e  instrumented t o  
d e t e c t  t r a n s i t i o n  on t h e  outboard leading-edge f l a p  and equipped wi th  a  system 
t o  wash t h e  l ead ing  edge i n  f l i g h t .  The r e s u l t s  of  a i r l i n e - t y p e  f l i g h t s  wi th  
t h e  J e t S t a r  i n d i c a t e d  t h a t  i n s e c t s  can contaminate t h e  l ead ing  edge dur ing  take-  
o f f  and climbout a t  l a r g e  j e t  a i r p o r t s  i n  t h e  United S t a t e s .  The r e s u l t s  a l s o  
showed t h a t  t h e  i n s e c t s  c o l l e c t e d  on t h e  l ead ing  edges a t  180 knots  d i d  n o t  
erode a t  c r u i s e  cond i t i ons  f o r  a  laminar  flow c o n t r o l  a i r p l a n e  and caused p re -  
mature t r a n s i t i o n  o f  t he  laminar  boundary l a y e r .  None of  t h e  s u p e r s l i c k  and 
hydrophobic s u r f a c e s  t e s t e d  showed any s i g n i f i c a n t  advantages i n  a l l e v i a t i n g  t h e  
i n s e c t  contaminat ion problem. While t h e r e  may be o t h e r  s o l u t i o n s  t o  t h e  i n s e c t  
contaminat ion problem, t h e  r e s u l t s  o f  t he se  t e s t s  with a  washer system showed 
t h a t  a  cont inuous water  spray  while  encounter ing t h e  i n s e c t s  i s  e f f e c t i v e  i n  
p reven t ing  i n s e c t  contamination of  t h e  l e a d i n g  edges.  
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236. Hardy, A.  C.; and ~ i l n e ,  P. S. :  s t u d i e s  i n  t h e  D i s t r i b u t i o n  of I n s e c t s  by 
A e r i a l  Curren ts  - Experiments i n  A e r i a l  Tow-Netting From Ki tes ;  J. Anim. 
Eco l . ,  v o l .  7,  no. 2 ,  Nov. 1938, pp. 199-229. 

The i n s e c t s  c a r r i e d  by convect ion c u r r e n t s  and wind, t h e  a e r i a l  p l ank ton ,  
a r e  i n v e s t i g a t e d  between t h e  h e i g h t s  of 150 and 2000 f t .  by c o l l e c t i n g  n e t s  
c a r r i e d  up by k i t e s .  The n e t s  a r e  s e n t  up c lo sed ,  opened au tomat ica l ly  a t  t h e  
d e s i r e d  h e i g h t ,  and c losed  aga in  a t  t h e  end of  t h e  sampling pe r iod  be fo re  be ing  
hauled down. 

The equipment and methods of  working a r e  ful-by descr ibed .  



Eighty-two samples were taken y i e l d i n g  a  c o l l e c t i o n  of 839 i n s e c t s  dur ing  
a  t o t a l  f l y i n g  time o f  124.5 h r .  

The a e r i a l  plankton is  made up e s s e n t i a l l y  of smal l  o r  l igh t -bodied  i n s e c t s  
with weak powers of f l i g h t  b u t  with r e l a t i v e l y  l a r g e  wing su r f ace  compared with 
body mass. 

The composition of t he  a e r i a l  plankton a t  d i f f e r e n t  h e i g h t s  i s  determined 
and the  h e i g h t  d i s t r i b u t i o n  of t h e  d i f f e r e n t  f ami l i e s  compared. A l i s t  of 
spec i e s  i d e n t i f i e d  i s  appended. 

The in f luence  of  weather condi t ions  i s  examined. D i f f e ren t  i n s e c t  groups 
a r e  shown t o  be a f f e c t e d  somewhat d i f f e r e n t l y ,  b u t  h igh  temperature and low 
humidity a r e  found f o r  a l l  t o  be more favourable  t o  a e r i a l  d r i f t  than  t h e  
r eve r se  condi t ions .  

The average dens i ty  of  t h e  d r i f t i n g  populat ion is es t imated  f o r  d i f f e r e n t  
he igh t  ranges up t o  2000 f t .  

The economic s ign i f i cance  of i n s e c t  d r i f t  is  discussed.  
Author 

237. Johnson, C. G. : The Di s t r ibu t ion  of I n s e c t s  i n  t h e  A i r  and t h e  Empirical 
Rela t ion  of Density t o  Height.  J. Anim. Ecol . ,  vo l .  26 ,  1957, 
pp. 479-494. 

Many i n s e c t  s p e c i e s ,  perhaps the  majori ty  of  those  f l y i n g  i n  r a t h e r  exposed 
s i t u a t i o n s ,  become d i spe r sed  i n t o  the  upper a i r  above about  100-200 f t .  The 
populat ion i n  the  upper a i r  i s  no t  d i s t i n c t  from t h a t  f l y i n g  i n  t h e  lower 
l a y e r s ,  s i n c e  i n  gene ra l ,  from zero he igh t  t o  some thousands of  f e e t  t h e r e  i s  a 
continuous d i s t r i b u t i o n ,  dens i ty  diminishing with he igh t  i n  a well-defined 
p r o f i l e .  

This p r o f i l e  may be i n t e r p r e t e d  i n  terms o f  p a r t i c l e  d i f f u s i o n  wherein a l l  
i nd iv idua l s  a r e  s u b j e c t  t o  upward and downward d i f f u s i o n  by f l i g h t ,  g r a v i t y  and 
turbulence.  Such a  g rad ien t  can be expressed accu ra t e ly  by t h e  formula 

where f ( z )  i s  dens i ty  a t  he igh t  z ,  

C i s  a  s c a l e  f a c t o r  depending on populat ion s i z e ,  

A i s  an index of t h e  d i f f u s i o n  process  and of t h e  p r o f i l e ,  

ze i s  a  parameter whose s ign i f i cance  probably depends on t h e  r a t e  of 
exchange of i n s e c t s  between a i r  and ground. 

This express ion  may n o t  hold good when the  p r o f i l e  i s  decaying o r  b u i l d i n g  up. 



The empi r i ca l  de r iva t ion  of  t he  express ion  is  described and most r e l e v a n t  
publ ished da-ta on v e r t i c a l  d i s t r i b u t i o n  up t o  5000 f t  have been s a t i s f a c t o r i l y  
f i t t e d  t o  t he  above express ion .  

This express ion  f o r  t he  p r o f i l e  can be i n t e g r a t e d  t o  g ive  an e s t ima te  of 
the  t o t a l  numbers of i n s e c t s  i n  a  given zone of a i r  o r ,  wi th in  p r a c t i c a l  l i m i t s  
i n  the  whole atmosphere. A expresses  i n  a  s i n g l e  parameter t he  r e l a t i v e  num- 
b e r s  a t  d i f f e r e n t  he ights ;  thus  t he  more i n s e c t s  t h e r e  a r e  i n  t h e  lower compared 
wi th  the  upper l a y e r s  of t h e  a i r ,  t he  h igher  t h e  value of  A w i l l  be .  

The express ion  i s  the  f i r s t  s t e p  i n  an a n a l y s i s  of the  v e r t i c a l  d i s p e r s a l  
p rocess  which w i l l  be discussed i n  a  l a t e r  paper  i n  r e l a t i o n  t o  mathematical and 
phys i ca l  t h e o r i e s  of d i f f u s i o n .  

Author 

238. Johnson, C. G . :  The Study of  Wind-Borne I n s e c t  Populat ions i n  Rela t ion  t o  
T e r r e s t r i a l  Ecology, F l i g h t  P e r i o d i c i t y  and the  Est imation of Aer i a l  
Populat ions.  S c i .  Prog., vo l .  39, 1951, pp. 41-62. 

Many s t u d i e s  on genera l  i n s e c t  a e r i a l  popula t ions  have s u f f e r e d  from a  
tendency t o  t r e a t  t h e  a e r i a l  populat ion a s  a  whole and, by d i s r ega rd ing  t h e  
popula t ion  ecology and behaviour of c l o s e l y  r e l a t e d  groups, t o  f a i l  t o  d i s t i n -  
guish important  f a c t o r s  c o n t r o l l i n g  t h e  supply of  i n s e c t s  t o  t he  upper a i r ;  and 
by a  preoccupat ion with the  i d e a  of pass ive  d r i f t  t o  minimise t h e  importance of  
behaviour i n  the  d i s p e r s a l  of i n s e c t s  by wind. 

The s tudy of  aphids shows t h a t  t h e r e  i s  a  d i u r n a l  p e r i o d i c i t y  of f l i g h t  and 
a  noc turna l  quiescence a t  crop l e v e l :  and t h a t  t h e  supply of i n s e c t s  t o  t h e  
upper a i r  depends on the  e x t e n t  t o  which t h i s  d i u r n a l  supply co inc ides  with con- 
vec t ion  and turbulence .  This d iurna l -noc turna l  rhythm i s  r e f l e c t e d  up t o  h e i g h t s  
of a t  l e a s t  2000 f t .  above ground. 

The ques t ion  of populat ion d e n s i t y  i s  considered,  and t h e  dens i ty  o r  s t a t e  
of crowding i n  a space i s  d i s t i ngu i shed  from t h e  f a c t o r s  of a c t i v i t y  o r  d r i f t  
i n t o  the  space which may o r  may no t  con t r ibu te  t o  it. Defects i n  p a s t  methods 
of dens i ty  e s t ima t ion  a r e  d iscussed  and the  i n e f f i c i e n c y  of a e r i a l  tow-nets i n  
s t i l l  a i r  and t h e  i m p r a c t i c a b i l i t y  of weighting the  ca tch  c o r r e c t l y  demonstrated. 
A new technique,  t h e  suc t ion  t r a p ,  has  been developed which, sampling a i r  a t  a  
cons t an t  r a t e ,  ca t ches  e f f i c i e n t l y  i n  s t i l l  a i r ,  and g ives  a  more d i r e c t  reading  
of dens i ty  wi thout  t h e  neces s i ty  t o  make a  co r r ec t ion  f o r  wind-speed. 
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239. Johnson, D . :  Br ie f  Measurements of I n s e c t  Contamination on A i r c r a f t  Wings. 
Tech. Note No. Aero. 2164, B r i t i s h  R.A.E . ,  May 1952. 

The cha rac t e r  and d i s t r i b u t i o n  of i n s e c t  contamination has been i n v e s t i -  
ga ted  on the  wings of  t h r e e  a i r c r a f t  (Armstronq Whitworth E.9/44 (A.W.52), a  
Comet a i r l i n e r ,  and a  Meteor f i g h t e r )  and a d d i t i o n a l  information obta ined  on a  



number of  o t h e r  a i r c r a f t  of  va r ious  types .  The r e s u l t s  sugges t  t h a t  t h e  contami- 
n a t i o n ,  which might cause t r a n s i t i o n  from laminar  t o  t u r b u l e n t  f lew,  extends t o  
5% chord on t h e  upper s u r f a c e  and 12% chord on t h e  lower s u r f a c e  of  a wing, 
These l i m i t s  agree very we l l  wi th  t h e  r e s u l t s  of a s i m i l a r  i n v e s t i g a t i o n  made 
i n  A u s t r a l i a  on d i f f e r e n t  a i r c r a f t .  

The contamination which occurs  beyond these  limits i s  only  a very small  
percentage  of  t h e  t o t a l  and c o n s i s t s  o f  smears on t h e  s u r f a c e .  I t  i s  n o t  l i k e l y  
t o  cause t r a n s i t i o n  b u t  might be o f  importance i n  connection w i t h  porous suc t ion  
wings. 
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240. Gregory, N . :  Research on Suct ion Sur faces  f o r  Laminar Flow. Boundary 
Layer and Flow Cont ro l ,  Volume 2 ,  G. V. Lachmann, e d . ,  Pergamon P re s s ,  
1961, pp. 924-960. 

This  chapter  i s  a c r i t i c a l  review of present-day (1961) achievements i n  
t h e  des ign  of  p r a c t i c a l  suc t ion  s u r f a c e s  f o r  laminar flow. Experimental work 
i s  desc r ibed  and problems remaining t o  be so lved  a r e  d i scussed .  

241. Gerber, Alfred:  I n v e s t i g a t i o n  on Removal of  t h e  Boundary Layer by Suct ion.  
Trans l .  No. 353, Ma te r i e l  Div., U.S. Army A i r  Corps, Sept .  26, 1941. 
(Avai lable  from DDC a s  ATI-68359. ) 

A t h e o r e t i c a l  d i s cus s ion  p e r t a i n i n g  t o  t h e  s t a b i l i z i n g  o f  boundary l a y e r  
through t h e  use of  suc t ion  s l o t s ,  t oge the r  with t h e  r e s u l t s  o f  wind tunne l  tests. 
The t e s t s  inc luded  an a i r f o i l  wi th  s l o t s  and Fowler f l a p s  f o r  which a maximum 
l i f t  c o e f f i c i e n t  o f  4.192 was ob ta ined  a t  a = lo0.  

Abs t rac t  cour tesy  APPLIED MECHANICS REVIEWS 
A v a i l a b i l i t y :  
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242. Ho l s t e in ,  Horst ;  and Doneis, A. (Hermann Schoenen, t r a n s l . ) :  Experiments 
on t h e  Pressure  Recovery of S l o t s  Designed f o r  Suc t ion  o f  t h e  Laminar 
F r i c t i o n  Layer. ZWB FB 1773, A 35-27, Feb. 15, 1947. (Avai lable  from 
DDC as AT1 26471.) 

Experiments were conducted t o  determine t h e  p re s su re  recovery of  s l o t s  
designed f o r  suc t ion  o f  t he  laminar  f r i c t i o n  l a y e r .  The shape o f  t h e  s l o t ,  a s  
we l l  a s  t h e  width of t h e  s l o t ,  was changed during t h e  t i m e  of  t he  t e s t s  and t h e  
p o s s i b i l i t y  of a l t e r i n g  the  shape o f  t h e  s l o t  was i nc reased  by applying a p l a i n  
d i f f u s e r  wi th  a v a r i a b l e  opening angle .  Resu l t s  show t h a t  a t  a given suc t ion  
volume it is p o s s i b l e ,  with proper  s e l e c t i o n  of  t h e  shape and width o f  t he  s l o t ,  
t o  maintain the  p re s su re  i n  t h e  suc t ion  ves se l  a t  l e a s t  equa l  t o  t h e  ou t s ide  



flow, f o r  a s  long a s  the suc t ion  volume remains equal  t o  o r  l e s s  than the  
magnitude of t he  boundary l a y e r .  

243. Fage, A . ;  and Sargent ,  R. F . :  Design of Suct ion S l o t s .  R. & M. No. 2127, 
B r i t i s h  A . R . C . ,  1944. 

P a r t  I desc r ibes  v i s u a l  observa t ions  of flow t h a t  were made t o  determine 
the optimum e n t r y  shape of two-dimensional s l o t s  t o  be used f o r  boundary l a y e r  
suc t ion .  The observa t ions  were made i n  a low-speed wind tunnel  f o r  t h ree  va lues  
of t h e  r a t i o  of t h e  r a t e  of a i r  sucked i n t o  the  s l o t  t o  the  r a t e  of flow i n  the  

0 
boundary l a y e r ,  and f o r  s l o t  angles  of  15 , 30°, 45O, 90° and 135O. P a r t  I1 
desc r ibes  experiments made a t  h igher  speeds of laminar flow f o r  s l o t s  on t h e  
wal l  of a s t r a i g h t  c i r c u l a r  p ipe .  This was done a s  a check on conclusions 
drawn from p a r t  I .  
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244. Tes ts  of a G r i f f i t h  Aerofo i l  i n  t he  13 f t .  x 9 f t .  Wind Tunnel. R. & M. 
No. 2148, B r i t i s h  A . R . C . ,  1944. 
Richards,  E .  J . :  P a r t  I - Wind-Tunnel Technique and In te r im Note. 
Richards,  E .  J.; Walker, W. S . ;  and Greening, J. R.: P a r t  I1 - E f f e c t  

of Concavity on Drag. 
Richards,  E .  J. ; and Walker, W.  S.  : P a r t  I11 - The E f f e c t s  of Wide S l o t s  

and of Premature  rans sit ion t o  Turbulence. 
Richards,  E. J.; and Walker, W .  S.:  P a r t  I V  - L i f t ,  Drag, P i t ch ing  

Moments and Veloci ty D i s t r ibu t ions  . 
P a r t  I desc r ibes  t h e  technique used i n  t he  experiments,  and the  method of 

i n t e r p r e t a t i o n  of  the  r e s u l t s  t o  inc lude  i n  t h e  drag  a term t o  account f o r  t h e  
power used t o  develop the  necessary suc t ion .  The experiments show t h a t  separa-  
t i o n  o f  the flow on the  sur face  can be f u l l y  prevented on t h i s  type of a e r o f o i l  
by sucking l e s s  than h a l f  t he  a i r  i n  t he  laminar  boundary l a y e r  a t  the  design 
p o s i t i o n  of t he  s l o t .  I f  the  flow is  t u r b u l e n t  from the  wing l ead ing  edge, t he  
amount of  a i r  t h a t  must be sucked away i s  very l i t t l e  g r e a t e r  than t h a t  i f  t h e  
flow i s  laminar t o  t he  s l o t .  

I n  e a r l i e r  experiments it was found t h a t  t h e  flow t o  the  r e a r  of t h e  suc- 
t i o n  s l o t  remained laminar t o  t he  t r a i l i n g  edge of  t h e  a e r o f o i l .  I n  t he  p r e s e n t  
experiments t h i s  was n o t  found t o  be so ,  t r a n s i t i o n  t o  turbulence occu r r ing  some 
d i s t a n c e  r e a r  of t he  s l o t .  P a r t  I1 of t h i s  r e p o r t  desc r ibes  an i n v e s t i g a t i o n  of  
this e f f e c t  and shows t h a t  t h i s  i n s t a b i l i t y  r e s u l t s  from the  dynamic i n s t a b i l i t y  
of t he  boundary l a y e r  along a concave su r f ace ,  and t h a t  it i s  impossible  t o  
design any p r a c t i c a b l e  a e r o f o i l  shape over  which t h i s  i n s t a b i l i t y  can be pre-  
vented a t  the  Reynolds numbers of flight. 



P a r t  I L L  of  t he  r e p o r t  ex tends  t h e  i n v e s t i g a t i o n  of  s l o t  des ign  t o  g r e a t e r  
s l o t  widths and l e s s  extreme shapes and inc ludes  t he  e f f e c t  on s u c t i o n  mass flow 
of premature t r a n s i t i o n  t o  tu rbulence  forward. 

I n  P a r t  I V  a e r o f o i l  c h a r a c t e r i s t i c s  a r e  d i scussed  both wi th  and without  
s u c t i o n ,  i nc lud ing  the  v e l o c i t y  d i s t r i b u t i o n  over t he  a e r o f o i l ,  l i f t  c o e f f i c i e n t ,  
p i t c h i n g  moments and hinge moment v a r i a t i o n  with inc idence .  The e f f e c t i v e  drag 
c o e f f i c i e n t  v a r i a t i o n  i s  examined and e x t r a p o l a t i o n  t o  f u l l  - sca le  Reynolds num- 
b e r s  c a r r i e d  o u t .  I t  i s  shown t h a t  even with t u r b u l e n t  flow a f t  o f  t h e  suc t ion  
s l o t ,  a  low-drag c o e f f i c i e n t  may be a n t i c i p a t e d  a t  t h e  Reynolds numbers of  
f l i g h t .  The e f f e c t  of n a c e l l e s  on s u c t i o n  wings i s  a l s o  examined. 

Author 
A v a i l a b i l i t y  : 
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245. M a i l l a r t ,  Guy: Aspi ra t ion  de l a  Couche Limite.  B.S.T. No. 106, Publ. 
S c i .  & Tech., Minis t .  A i r  ( P a r i s )  , 1946. 

The h i s t o r y  of  t h e  use of s u c t i o n  o f  t h e  boundary l a y e r  i s  given.  A d i s -  
cuss ion  of t h e  e f f e c t s  of  s l o t  form, placement,  and s i z e  i s  inc luded .  Ear ly  
experiments by Schrenck and Bamber and Ackeret and Margoulis a r e  descr ibed .  
Suc t ion  o f  t h e  boundary l a y e r  on f l a t  p l a t e s ,  a i r f o i l s ,  d i f f u s e r s ,  e t c .  i s  
d iscussed .  

A v a i l a b i l i t y :  
N79-71086 

246. P i e rpon t ,  P. Kenneth: I n v e s t i g a t i o n  of  Suct ion-Slot  Shapes f o r  Con t ro l l i ng  
a  Turbulent  Boundary Layer. NACA TN 1292, 1947. 

Tes t s  o f  t h r e e  types  of  boundary-layer-control suc t ion  s l o t s  have been made 
i n  a  two-dimensional d i f f u s e r  t o  i n v e s t i g a t e  des ign  c r i t e r i o n s  and t o  eva lua t e  
t h e  p r a c t i c a l  minimum to t a l -p re s su re  l o s s e s .  The t e s t s  were conducted a t  a  
v e l o c i t y  o f  about 100 f e e t  p e r  second with a  boundary l a y e r  which had a  d i s -  
placement t h i cknes s  of  0.85 inch  and a  shape parameter o f  about  1.8.  

The shape of  t h e  boundary l a y e r  behind t h e  s l o t  was found t o  depend only on 
the  q u a n t i t y  of  a i r  removed provided t h a t  t h e  s l o t  i n l e t  had rounded edges.  
Near maximum e f f e c t i v e n e s s  was ob ta ined  when t h e  q u a n t i t y  r a t e  o f  a i r  flow 
through t h e  s l o t  was equa l  t o  t h a t  which would p a s s  a t  f ree-s t ream v e l o c i t y  
through an a r e a  equa l  t o  t he  displacement  th ickness  p e r  u n i t  span. 

The to t a l -p re s su re  l o s s e s  through t h e  s l o t  were found t o  be apprec iab ly  
reduced by rounding t h e  i n l e t  edges,  i n c l i n i n g  t h e  s l o t ,  s l i g h t l y  d iverg ing  the  
s l o t  w a l l s ,  and, e s p e c i a l l y ,  p rov id ing  adequate width.  The optimum i n l e t -  
v e l o c i t y  r a t i o  f o r  a  d i f f u s e r  s l o t  i s  of  t h e  o rde r  o f  0.60 t o  0.65. For t h e  
foregoing r a t e  o f  a i r  flow and wi th  a round-edge d i f f u s e r  s l o t  i n c l i n e d  a t  30° 
t o  t h e  a i r  s t ream, the  t o t a l - p r e s s u r e  drop was 48 pe rcen t  l e s s  than  t h e  va lue  
f o r  a  normal-opening sharp-edge s l o t .  For t h i s  conf igura t ion  only  55 pe rcen t  



of  t h e  measured t o t a l - p r e s s u r e  drop could be accounted f o r  by t h e  t o t a l - p r e s s u r e  
def ic iency  i n  t h e  p a r t  of  t h e  boundary l a y e r  removed. 

Author 
A v a i l a b i l i t y :  
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247. R e i l l y ,  Richard J . :  Inf luence  o f  I n t e r n a l  Flow Passages on t h e  Spanwise 
Suct ion D i s t r i b u t i o n  i n  a S l o t .  Rep. No. BLC-54, Rep. No. NAI-54-489 
(Contract  AF33(616) -3168), Northrop A i r c r a f t ,  I n c . ,  J u l y  1954. 
(Avai lable  from DDC a s  AD 54 971.) 

In  o rde r  t o  determine t h e  e f f e c t  o f  i n t e r n a l  flow passages on t h e  spanwise 
s u c t i o n  d i s t r i b u t i o n  i n  a s l o t ,  a s e r i e s  of  spanwise s t a t i c  p r e s su re  surveys 
were conducted i n  t h e  en t rance  of  a s u c t i o n  s l o t .  The a i r  was sucked from t h e  
atmosphere through t h e  s l o t ,  i n t o  a smal l  chamber and then through a row o f  
ho l e s .  A flow measuring tube ,  i n s t a l l e d  between t h e  ho l e s  and the  s u c t i o n  pump, 
was used t o  measure t h e  t o t a l  a i r f l ow  q u a n t i t y .  

The e f f e c t  o f  vary ing  t h e  d i s t ance  between t h e  s l o t  e x i t  and t h e  row of  
ho l e s  (plenum chamber depth)  was measured f o r  f o u r  d i f f e r e n t  ho l e  configura-  
t i o n s  a t  t h r e e  Reynolds numbers. 

From t h e  s t a t i c  p r e s su re  a t  t he  s l o t  i n l e t  t h e  spanwise suc t ion  d i s t r i b u -  
t i o n  was eva lua ted  and presen ted  i n  F igures  3 - 6 i n  t h e  form of  u / i .  

Resu l t s :  The spanwise v a r i a t i o n  of  t he  suc t ion  q u a n t i t y  i s  gene ra l l y  small  
provided the  plenum chamber depth i s  equa l  t o  o r  l a r g e r  than t h e  s l o t  width.  
With an i nc reased  number o f  correspondingly smal le r  ho l e s  t h e  spanwise v a r i a t i o n  
of  t he  suc t ion  q u a n t i t y  can be considerably reduced. For otherwise i d e n t i c a l  
con f igu ra t i ons  l a r g e r  diameter  ho l e s  w i l l  improve t h e  spanwise suc t ion  
d i s t r i b u t i o n .  

For t h e  range of  Reynolds numbers i n v e s t i g a t e d ,  t h e r e  appears t o  be  l i t t l e  
v a r i a t i o n  i n  s u c t i o n  d i s t r i b u t i o n  wi th  Reynolds number. 
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248. R e i l l y ,  Richard J.:  Inf luence  of Chordwise Separa t ion  Between a S l o t  and 
I ts  Suct ion  Holes on the  Spanwise Suct ion D i s t r i b u t i o n  i n  a S l o t .  Rep. 
No. BLC-59, Rept. No. NAI-54-567 (Cont rac t  AF33 (616) -3168) , Northrop 
A i r c r a f t ,  I n c . ,  Aug. 1954. 

Experiments were conducted i n  o r d e r  t o  determine t h e  spanwise v a r i a t i o n  i n  
suc t ion  q u a n t i t y  a long  a s l o t  when the  s l o t  was d i sp laced  i n  a chordwise d i r e c -  
t i o n  from a row of suc t ion  ho l e s  below the  s l o t .  The experimental  method was 
s i m i l a r  t o  t h a t  employed f o r  BLC-54. 



For t h e  con f igu ra t i ons  i n v e s t i g a t e d ,  t h e  maximum v a r i a t i o n  i n  s u c t i o n  d i s -  
t r i b u t i o n  occurs  with t h e  s l o t  cen te red  over  t h e  row o f  ho l e s .  When t h e  s l o t  is  
d i sp l aced  a d i s t a n c e  equa l  t o  t he  r a d i u s  of t h e  suc t ion  h o l e s ,  t h i s  maximum 
v a r i a t i o n  was reduced by approximately one-half .  Fu r the r  displacement  o f  t h e  
s l o t  reduces t h e  v a r i a t i o n  u n t i l  a uniform d i s t r i b u t i o n  i s  reached a t  a d i s -  
placement of  from one and one-half t o  f o u r  t imes t h e  r a d i u s  of t h e  s u c t i o n  
ho l e s ,  depending on the i n d i v i d u a l  conf igura t ion .  
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A v a i l a b i l i t y  : 

BLC-59 
N A I  -54 -56 7 

249. R e i l l y ,  Richard J. : The Inf luence  o f  S l o t  Width on t h e  Spanwise Suc t ion  
D i s t r i b u t i o n  i n  a S l o t .  Rep. No. NAI-54-717 (BLC-62) (Cont rac t  
AF33 (616) -3168) , Northrop A i r c r a f t ,  Inc .  , Oct. 1954. 

Experiments were performed i n  o r d e r  t o  determine t h e  e f f e c t  o f  s l o t  width 
on t h e  spanwise suc t ion  d i s t r i b u t i o n  i n  a s l o t .  The con f igu ra t i ons  t e s t e d  and 
the  experimental  method were s i m i l a r  t o  those  employed f o r  BLC-54 and BLC-59 
wi th  t h e  except ion  t h a t  t h e  s l o t  width was en la rged  t o  0.020 inch;  t w i c e  t h e  
prev ious  va lue .  

For the con f igu ra t i on  t e s t e d ,  t h e  wider s l o t  r e s u l t e d  i n  g r e a t e r  spanwise 
suc t ion  v a r i a t i o n ,  f o r  t h e  same Reynolds number based on t h e  flow through t h e  
s l o t  and t h e  ho les .  Chordwise displacement  of  t he  s l o t  r e l a t i v e  t o  t h e  ho l e s ,  
again produced a more uniform suc t ion  d i s t r i b u t i o n .  
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NAI-54-717 (BLC-62) 

250. Dunlap, Roger; and Amick, James L. : Prel iminary Tes t s  o f  Boundary Layer 
Suc t ion  Through a S ingle  S l o t  on a Body o f  Revolution i n  Supersonic  
Flow. WTM-262 (Contract  AF33(616)-3168), Eng. Res. I n s t . ,  Univ. of 
Michigan, Sept  . 1958. 

This i s  a r e p o r t  on measurements o f  boundary l a y e r  s u c t i o n  and i t s  e f f e c t s  
on t h e  flow about  a s i n g l e  s l o t t e d  body of  r evo lu t ion .  The t e s t s  were con- 
ducted i n  the Mach number 2.84 nozzle  o f  t h e  Univers i ty  of  Michigan 8 x 13 inch 
supersonic  wind tunne l .  The purpose of t he se  t e s t s  was t o  s tudy  t h e  a p p l i c a t i o n  
of boundary l a y e r  s u c t i o n  through one s l o t  o f  t he  c y l i n d r i c a l  p a r t  o f  an ogive-  
cy l inde r  body o f  r evo lu t ion .  The two main v a r i a b l e s  involved were mass f low 
removal r a t e  and s l o t  width.  The measurements t o  be made cons i s t ed  o f  va r ious  
s t a t i c  p r e s s u r e s  and temperatures  a s  wel l  a s  t o t a l  p r e s su re  surveys  through t h e  
boundary l a y e r  and along t h e  edge o f  t h e  boundary l a y e r  i n  the  v i c i n i t y  of  t h e  
s l o t ,  f o r  s e v e r a l  s l o t  widths and mass flow removal r a t e s .  I n  a d d i t i o n ,  s u c t i o n  



q u a n t i t i e s  were measured a t  reduced tunnel  s t a t i c  pressures  with the  tunnel  not  
i n  operat ion,  
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N78-78477 
SN-24021, Dec. 1958 

251. Groth, E. E . :  Inves t iga t ion  of t h e  Flow Fie ld  Around a Suction S l o t  a t  
Supersonic Speeds. Rep. No. NAI-59-4 (BLC-116) , Northrop A i r c r a f t ,  Inc. , 
Jan. 1959. 

Flow measurements have been conducted i n  the  immediate v i c i n i t y  of  a suct ion  
s l o t  a t  d i f f e r e n t  suct ion  q u a n t i t i e s  on an ogive cyl inder  body of revolut ion a t  
a f r e e  stream Mach number of 2.90 i n  the  8" x 13" supersonic wind tunnel  of the  
Universi ty of Michigan. The p o t e n t i a l  flow is accelera ted  l o c a l l y  ahead of the  
s l o t  u n t i l  a shock wave reduces i t s  speed t o  the  undisturbed value without suc- 
t i o n .  The entropy l o s s  of the  shock can be expressed a s  a drag c o e f f i c i e n t  
which i s  of the  order  of 20% of the  suct ion  c o e f f i c i e n t  f o r  the p resen t  con- 
f igura t ion .  The t h e o r e t i c a l  shape of t h e  shock wave computed from the  measured 
Mach number d i s t r i b u t i o n  a t  the outer  edge of t h e  boundary l aye r  is  i n  good 
agreement with the  observed shock p a t t e r n .  

The following repor t  i s  a l s o  included a s  an appendix: 

Dunlap, R. ; and Amick, T. L. : Preliminary Tests of Boundary Layer Suction 
Through a Single S l o t  on a Body of Revolution i n  Supersonic Flow. Rep. 
WTM 262, Univ. of Michigan, Sept.  1958. 
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252. Gutstadt ,  L.  R. :  Crossflow Ef fec t s  on Boundary Layer Suction S l o t  Pressure 
Losses. NOR-61-231 (Contract AF33 (600) -42052) , Northrop Corp., Sept.  
1961. 

This r epor t  descr ibes  the  model used, the  t e s t  run, and da ta  obtained. 
Pressure along a wall  ahead of a s l o t  and i n  the  plenum below the  s l o t  were 
measured. Additional pressures  were measured t o  e s t a b l i s h  boundary l a y e r  veloc- 
i t i e s  and suct ion  flow r a t e s .  A 3 times f u l l  s ca le  s l o t  width model was used. 
The s l o t s  were spaced t o  simulate those near  the  leading edge of the  LFC ADP 
wing. 

Ava i l ab i l i ty  : 
NOR-6 1-2 3 1 



253. Hol t ,  Charles  F.: The Laminar Boundary Layer i n  t h e  V ic in i ty  of  a Suct ion 
S l o t ,  M.S. Thes is ,  Pennsylvania S t a t e  Univ,, 1965. (Avai lab le  from DDC 
a s  AD 627 025.) 

The i n t e r e s t  i n  s u c t i o n  a s  a means o f  c o n t r o l l i n g  t h e  growth of  t h e  laminar 
boundary l a y e r  has  l e d  t o  t h e  i n v e s t i g a t i o n  o f  t h e  behavior  of such a boundary 
l a y e r  i n  t h e  v i c i n i t y  o f  a d i s c r e t e  suc t ion  s l o t .  I n  o r d e r  t o  observe t h e  
e f f e c t  of  one such s l o t ,  d e t a i l e d  boundary l a y e r  p r o f i l e s  were measured a t  
va r ious  s t a t i o n s  upstream and downstream of  a s l o t .  The i n v e s t i g a t i o n  was 
c a r r i e d  o u t  f o r  t h e  t h r e e  s l o t  Reynolds numbers equa l  t o  29, 186, and 366. A t  
each Reynolds number s l o t  widths  of  1/16, 3/32, and 1/8 inch  were t e s t e d .  Vari- 
a t i o n  i n  t h e  displacement  t h i cknes s ,  momentum th i cknes s  and a shape f a c t o r  
based on t h e  r a t i o  of t he se  two parameters  i n d i c a t e d  t h a t  t h e  s l o t  a f f e c t s  a 
reg ion  from 20 t o  30 t imes i t s  own width and in t roduces  s u b s t a n t i a l  changes i n  
the aforementioned v a r i a b l e s .  I n  t h e  p r e s e n t  t e s t s  s u c t i o n  c r e a t e d  p r o f i l e s  
a f t e r  t h e  s l o t  wi th  shape f a c t o r s  equa l  t o  o r  l e s s  than t h e  asymptot ic  s u c t i o n  
value.  
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254. Pfenninger ,  W . ;  Bacon, J.; and Goldsmith, J.: Flow Disturbances Induced by 
Low-Drag Boundary-Layer Suc t ion  Through S l o t s .  Phys. F lu ids  Suppl . ,  
vo l .  10,  no. 9 ,  p t .  11, Sept .  1967, pp. S112-S114. 

Suc t ion  flow f l u c t u a t i o n s  induced a t  h ighe r  s l o t  flow Reynolds numbers 
Res 5 G s /v  by o s c i l l a t i n g  s l o t  wakes i n  t h e  plenum chambers underneath t h e  
s l o t s  apparen t ly  caused premature t r a n s i t i o n  on a 33O swept laminar  s u c t i o n  wing 
a t  h igh  wing chord Reynolds numbers. W i t h  v i s cous  s l o t  wakes a t  Res 6 Rescrit 
such d i s tu rbances  were absen t  with f u l l  laminar  flow beyond 50 x 106 l eng th  
Reynolds number. Rescrit i nc reases  from 100 f o r  r e l a t i v e l y  deep plenum 
chambers t o  over  200 f o r  shallow plenum chambers wi th  two rows o f  s u c t i o n  ho l e s  
l oca t ed  a t  oppos i te  s i d e s  of  t h e  s l o t .  
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255. CiZjdem, Sab r i :  Laminar Boundary Layer Development Downstream o f  a Suc t ion  
S l o t .  M.S. Thes is ,  Naval Postgraduate  School,  1971. (Avai lab le  from 
DDC a s  AD 742 937.) 

Laminar boundary l a y e r  development downstream o f  a suc t ion  s l o t  was i n v e s t i -  
ga ted  i n  a low v e l o c i t y  wind tunne l .  I n  o r d e r  t o  observe t h e  e f f e c t  o f  suc t ion  
on t h e  boundary l a y e r ,  d e t a i l e d  boundary l a y e r  p r o f i l e s  were measured a t  var ious  
s t a t i o n s  upstream and downstream of a suc t ion  s l o t  f o r  d i f f e r e n t  s u c t i o n  flow 
r a t e s .  The i n v e s t i g a t i o n  was c a r r i e d  o u t  f o r  zero  s u c t i o n ,  53.33 SCFH/FT. and 
133-33 SCFH/FT. s u c t i o n ,  by us ing  1/16 inch suc t ion  s l o t .  The v e l o c i t y  p r o f i l e s  
were p l o t t e d  f o r  22 s t a t i o n s  with d i f f e r e n t  suc t ion  flow r a t e s  with r e s p e c t  t o  
t h e  no suc t ion  flow case .  A t  t he  f a r  upstream and downstream s i d e  of  t h e  s l o t ,  



suc t ion  was i n e f f e c t i v e  and v e l o c i t y  p r o f i l e s  had t h e  B la s iu s  v e l o c i t y  p r o f i l e  
shape. Suc t ion  had the  maximum e f f e c t i v e n e s s  a  s h o r t  d i s t a n c e  i n  f r o n t  o f  and 
downstream of t he  s l o t .  A s  t h e  d i s t a n c e  from t h e  s l o t  i nc reased  both upstream 
and downstream, t he  v e l o c i t y  p r o f i l e s  tended t o  approach B la s iu s  v e l o c i t y  pro-  
f i l e s  asympto t ica l ly .  
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256. Gaponov, S. A , :  S t a b i l i t y  of  a  Boundary Layer o f  an Incompressible  F lu id  
Over a  S l o t t e d  Sur face .  NASA TT F-16896, 1976. 

Boundary l a y e r  s t a b i l i t y  o f  a  s l o t t e d  su r f ace  i s  analyzed f o r  t h e  case  when 
t h e  boundary cond i t i ons  f o r  p e r t u r b a t i o n s  of  t h e  f low parameters  depend on the  
l o n g i t u d i n a l  coord ina te .  The e f f e c t  o f  t he  degree of  nonuniformity of  t h e  
p e n e t r a b i l i t y  of t h e  s l o t t e d  s u r f a c e  i s  s tud i ed .  Resul t s  a r e  compared with 
those ob t a ined  prev ious ly  f o r  a  s u r f a c e  with uniform p e n e t r a b i l i t y .  
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257. Barinov, V. A . :  V l i i a n i e  d i s k r e t n o s t i  o t s a syvan i i a  na  k h a r a k t e r i s t i k i  
trekhmernogo laminarnogo pogranichnogo s l o i a  na skol 'z iashchem k r y l e .  
Uch. Zap., T s A G I ,  vo l .  5 ,  no. 1, 1974, pp. 104-107. 

A scheme f o r  c a l c u l a t i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  flow p a s t  a  wing wi th  
s u c t i o n  s l o t s  by cons ider ing  a  c e r t a i n  d i s c r e t e  d i s t r i b u t i o n  o f  t h e  s u c t i o n  r a t e  
r a t h e r  than a  continuous one. Values o f  l o c a l  Reynolds number a r e  c a l c u l a t e d  by 
t h e  method of  i n t e g r a l  r e l a t i o n s  f o r  t h e  p r o f i l e s  o f  t h e  v e l o c i t y  components 
a long a  s t r eaml ine  of  t h e  e x t e r n a l  flow and i n  a  d i r e c t i o n  pe rpend icu l a r  t o  it, 
and a r e  compared with t h e  s m a l l e s t  c r i t i c a l  Reynolds numbers f o r  t h e  p r o f i l e s  
i n v e s t i g a t e d .  A s i m i l a r  comparison is  made f o r  continuous d i s t r i b u t e d  s u c t i o n ,  
r e v e a l i n g  t h e  d e s t a b i l i z i n g  e f f e c t  of  nonporous su r f ace  segments. 

A v a i l a b i l i t y :  
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258. Goldsmith, J.: Calcu la t i on  of  Compressible Flow Losses Through Swept Suc- 
t i o n  S l o t s .  Summary of  Laminar Boundary Layer Control  Research - 
Volume 11, ASD-TDR-63-554, U.S. A i r  Force,  Mar. 1964, pp.  509-547. 
(Avai lable  from DDC a s  AD 605 186. ) 

Resu l t s  of  laminar flow experiments performed on a supersonic  36O swept 
wing model i n d i c a t e d  t h a t  i t  might be d e s i r a b l e  t o  cons ider  t h e  i n f luence  of  
t he  spanwise component of v e l o c i t y  when c a l c u l a t i n g  t h e  l o s s e s  through swept 
s l o t s .  I f  t h e  spanwise component of  v e l o c i t y  i s  o f  importance a t  36 degrees  of 
sweep, it c e r t a i n l y  i s  l o g i c a l  t h a t  it would be more i n f l u e n t i a l  a t  h ighe r  sweep 



angles. Since a model with a sweep angle of 72 degrees was being designed, an 
analys is  was made t o  determine the  influence of sweep on s l o t  losses .  The con- 
c lus ions  derived from this analys is  a re  presented i n  t h i s  r e p o r t ,  together  with 
the descr ip t ion  of a  workable procedure f o r  ca lcu la t ing  the  compressible flow 
losses  through swept s l o t s .  

Author 
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259. Yu, Yun-Sheng: La te ra l  Eff lux  From Flow Along a Wall I n t o  a Suction-Slot.  
Proceedings of the  Second Australasian Conference on Hydraulics and Fluid  
Mechanics, Univ. of  Auckland (New Zealand) , 1966, pp. C117-C122. 

Study of the  l a t e r a l  e f f l u x  from flow along a wall with a s i n g l e  suct ion-  
s l o t  or iented  perpendicular  t o  the  d i r e c t i o n  of the  f r e e  stream. The contrac- 
t i o n  c o e f f i c i e n t  - defined as  the  r a t i o  of the  thickness of the  j e t  i n  the  s l o t  
t o  the slot-width - has been computed by using conformal mapping f o r  the  f r ee -  
stream ve loc i ty  t o  the  je t -ve loci ty  r a t i o  varying from zero t o  one. Experi- 
mental r e s u l t s  obtained i n  a  subsonic wind tunnel  agree su rp r i s ing ly  wel l  with 
the  theory. 

Ava i l ab i l i ty :  
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260. Watson, E .  J.: Free Streamline Suction S lo t s .  R. & M. No. 2177, B r i t i s h  
A. R. C . ,  1946. 

The theory of f r e e  streamlines i s  applied t o  the  design of suct ion  s l o t s ,  
o r  s imi la r  e n t r i e s  t o  ducts .  Although suct ion  s l o t s  a r e  intended f o r  boundary 
l aye r s ,  where p o t e n t i a l  flow does not  apply, it i s  hoped t h a t  the  s l o t  shapes 
obtained here may provide a b a s i s  f o r  experiment. These s l o t s  may be compared 
with those derived empirical ly by Fage and Sargent,  bu t  contain one novel 
f ea tu re  i n  t h a t  there  i s ,  i n  genera l ,  a  s t e p  between the  f l a t  boundaries a t  
e i t h e r  s ide  of the s l o t .  The f igures  show a s e r i e s  of s l o t s  covering a range of 
s l o t  angles and of r a t i o s  of stream veloci ty  t o  s l o t  ve loci ty ,  and the  co- 
ordinates  of these s l o t s  a re  given i n  the  Tables. The formulae by which these  
s l o t s  a re  ca lcula ted  are  col lec ted  i n  the  Appendix. 
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261. Lord, W. T.: Free Streamline J e t s  i n  Shear Flow, and Their Application t o  
the  Design of Suction S l o t s .  F.M. 1450, B r i t i s h  A. R. C . ,  1950. 

Solut ions f o r  the shapes of f r e e  streamline j e t s  i s su ing  from a gap between 
two f l a t  p a r a l l e l  sur faces  may serve as a  b a s i s  f o r  designing s l o t s  f o r  sucking 
away the  boundary-layer on an ae ro fo i l .  A b r i e f  descr ip t ion  i s  given of  some 
unsuccessful attempts t o  obtain ana ly t i ca l  so lu t ions  f o r  such j e t s  when the  f l a t  



s u r f a c e s  a r e  c o l l i n e a r  and the  flow a t  a l a r g e  d i s t ance  from the  gap i s  a 
cons t an t  shear ing  motion conta in ing  v o r t i c i t y  of any magnitude. A method of 
s o l u t i o n  f o r  t he  case when the  magnitude of t he  v o r t i c i t y  i s  s u f f i c i e n t l y  small  
f o r  terms of t he  o rde r  of i t s  square and h igher  powers t o  be neglected i s  given 
i n  d e t a i l .  This method may be extended t o  cover t he  more genera l  case when 
t h e r e  i s  a s t e p  between t h e  f l a t  s u r f a c e s  on each s i d e  of  t he  gap. 

Author 

262. Bacon, John W . ,  Jr.; Goldsmith, John; and Gross, Lloyd W . :  E f f e c t  of S l o t  
Configurat ion and Disturbances From S l o t  o r  Environment on Laminar Flow 
Vehicles .  NCL-68-46R (Cont rac t  N00017-67 -C-1112) , Northrop Corp . Lab. , 
J u l y  31, 1968. (Avai lable  from DDC a s  AD 851 246.) 
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263. Rogers, K. H .  : Flow S t a b i l i z a t i o n  With Discre te  Suct ion - F i n a l  Report. 
C78-517/301 (Contract  N00140-77-C-8099) , Marine Systems Div., Rockwell 
I n t e r n a t i o n a l  Corp. , June 1, 1978. 

The program addresses  two key technologica l  problems r e l a t e d  t o  t h e  
development of  suc t ion  laminar  flow undersea veh ic l e s :  t h e  problem t h a t  ocean 
p a r t i c l e s  may be t rapped a t  t he  en t rance  of t h e  suc t ion  su r f ace  ape r tu re s  and 
s p o i l  t h e  laminar flow; and the  n e c e s s i t y  t o  develop an economically f e a s i b l e ,  
p roducib le  s u c t i o n  laminar flow h u l l  s t r u c t u r a l  design.  Thus t h e  program con- 
sists o f  ocean p a r t i c l e  capture/contamination t e s t s  on s l o t t e d  and porous lami- 
n a r  s u c t i o n  s u r f a c e s ,  c o r r e l a t i o n  of  experiment and theory  of  ocean p a r t i c l e  
cap tu re ,  and a s tudy of  pre l iminary  design and p r o d u c i b i l i t y  of laminar suc t ion  
h u l l s .  
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264. Smith, A. M. 0. : Report of  Progress  on Item 2B (2)  , Boundary Layer Control  
I n v e s t i g a t i o n .  Rep. No. E.S. 21099 (Contract  No. NOa(s) 9027) , Douglas 
A i r c r a f t  Co., Inc . ,  Apr. 1, 1948. 

100% laminar flow by c o n t r o l  of t h e  boundary l a y e r  has  been obta ined  i n  
Swi tzer land  a t  Reynolds Numbers below about 5 x 1 0 ~ .  However, s t u d i e s  c a r r i e d  o u t  
under t he  p r e s e n t  c o n t r a c t  i n d i c a t e  t he  Swiss procedure would r equ i r e  an imprac- 
t i c a l l y  l a r g e  number of excess ive ly  small  s l o t s  a t  f u l l  s c a l e  condi t ions .  Hence 
t h e  Swiss method appears imprac t i ca l .  

This discovery caused a search  f o r  a more p r a c t i c a l  method of laminar 
boundary l a y e r  con t ro l .  A porous s i n t e r e d  metal and a pe r fo ra t ed  su r f ace  were 



~ ~ n s i d e r e d .  The s i n t e r e d  metal  su r f ace  should provide e x c e l l e n t  boundary l a y e r  
c o n t r o l  b u t  it i s  b r i t t l e ,  heavy and undoubtedly would become quick ly  clogged up 
by d u s t  and d i r t .  A perfora.ted meta l  su r f ace  cannot be expected t o  c o n t r o l  t h e  
boundary l a y e r  because p e r f o r a t i o n s  a r e  spaced too  f a r  a p a r t  t o  a f f e c t  a l l  p a r t s  
of t h e  boundary l a y e r .  

However, a p r a c t i c a l  method f o r  c o n t r o l l i n g  t he  laminar l a y e r  i s  be l i eved  
t o  have been found. This method uses  suc t ion  t o  t h i n  t h e  boundary l a y e r  i n  t h e  
presence of s t a b l e  p re s su re  g rad i en t s  a s  proposed by G r i f f i t h .  Two a i r f o i l s  
us ing  t h i s  p r i n c i p l e ,  appl icab le  t o  t h e  D-571, have been designed and a r e  shown 
i n  t h i s  r e p o r t .  I t  i s  proposed t h a t  a 42" chord by 30" span two dimensional 
model be cons t ruc t ed  and t e s t e d  i n  t h e  Douglas Flow Generator t o  check inexpen- 
s i v e l y  t he se  new p r i n c i p l e s  a t  medium Reynolds Numbers. 
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265. P re s ton ,  J. H . ;  and Rawcliffe ,  A. G , :  Note on S i n t e r e d  Metal With a View 
t o  I t s  Use a s  a Porous Surface i n  D i s t r i bu t ed  Suct ion Experiments. 
C.P. No, 9 ,  B r i t i s h  A . R . C . ,  1950. 

Considerable t h e o r e t i c a l  work has  been done on boundary l a y e r  flow invo lv ing  
d i s t r i b u t e d  suc t ion  through a permeable s u r f a c e ,  on t h e  o t h e r  hand t h e r e  have 
been few experiments  t o  check the  theory and t h e s e  have used a s e r i e s  of s l o t s  
t o  r e p r e s e n t  a porous su r f ace .  Their  use i n  one case l e d  t o  nega t ive  r e s u l t s  
because of t h e i r  adverse e f f e c t  on t h e  p re s su re  g rad i en t .  Hence t h e  need f o r  a 
t r u l y  porous s u r f a c e .  

A t t en t ion  i n  t h i s  no te  i s  mainly confined t o  s i n t e r e d  bronze - a m a t e r i a l  
which has  wide range of  p o r o s i t y .  A b r i e f  d e s c r i p t i o n  o f  i t s  p r o p e r t i e s  i s  
given and a l s o  t h e  r e s u l t s  of t e s t s  on a number of samples r ep re sen t a t i ve  of  
the  range a v a i l a b l e  f o r  commercial purposes .  Measurements were a l s o  made o f  t h e  
p o r o s i t y  of beechwood and of P l a s t e r  o f  P a r i s .  

The s i z e  of  po re s ,  t h e i r  d i s t r i b u t i o n  and t h e  r e s i s t a n c e  o f f e r e d  t o  t h e  
flow make p o r o s i n t  a very s u i t a b l e  m a t e r i a l  f o r  cons t ruc t ing  models with porous 
su r f aces .  I t  has  t h e  d e f i n i t e  advantages o f  some mechanical s t r e n g t h  and i t  can 
be welded and so lde red .  There i s  one disadvantage - t h e  su r f ace  cannot be  
machined a s  t he  pores  might be c losed  up, hence accuracy of model manufacture 
depends on t h e  p r e c i s i o n  t o  which it can be moulded and t h e  d i s t o r t i o n  p r e s e n t  
a f  t e r  being f urnaced. 
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266. McCullough, George B . ;  and Gambucci, Bruno J,: Boundary-Layer Measurements 
on Seve ra l  Porous Mater ia l s  With Suct ion Applied, NACA F W  A52DOUo, 1952, 



Boundary l a y e r  v e l o c i t y  p r o f i l e s  were measured on t e n  samples of var ious  
porous m a t e r i a l s  and on an impervious aluminum p l a t e  mounted f l u s h  with t he  
i n n e r  su r f ace  of  t h e  s i d e  wal l  of a  small  wind tunne l .  Suct ion was app l i ed  t o  
t he  back s i d e  of t he  porous t e s t  m a t e r i a l s  through a  4-inch-square opening. The 
p r o f i l e s  were measured a f t e r  t h e  n a t u r a l  boundary l a y e r  o f  t h e  tunne l  wal l  had 

1 t r a v e r s e d  a  d i s t a n c e  of 3- inches along t h e  suc t ion  a r e a .  The boundary l a y e r  
2  

measured on t h e  smooth impervious p l a t e  was laminar a t  t h e  upstream end of t h e  
s u c t i o n  a r e a ,  b u t  was of t h e  t r a n s i t i o n a l  type a f t e r  having t r ave r sed  t h e  
1 3- inches  t o  t h e  downstream measuring s t a t i o n .  Without suc t ion  none o f  t he  
2  

v e l o c i t y  p r o f i l e s  measured on the  porous ma te r i a l s  were laminar  a t  t he  down- 
s t ream s t a t i o n .  The th i cknes s  of t h e  boundary l a y e r  was i nc reased  and i t s  form 
a l t e r e d  from t h a t  measured on t h e  impervious p l a t e  by amounts which depended on 
the  n a t u r e  of t h e  su r f ace  of  t he  m a t e r i a l .  With suc t ion  app l i ed  t he  form o f  t h e  
boundary l a y e r s  was g r e a t l y  a l t e r e d ,  and both t he  displacement  t h i cknes s  and t h e  
momentum th ickness  were reduced. The r a t e  of t h inn ing  diminished with i nc reas -  
i n g  s u c t i o n ,  and the  boundary l a y e r  displacement and momentum th i cknes se s  on a l l  
of t h e  porous m a t e r i a l s  appeared t o  be approaching a  low u l t ima te  va lue  with 
i n c r e a s i n g  suc t ion  v e l o c i t y .  
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267. Dannenberg, Robert E . ;  and Weiberg, James A . :  E f f e c t  o f  Type of  Porous 
Surface and Suct ion Veloci ty  D i s t r i b u t i o n  on t h e  C h a r a c t e r i s t i c s  of a  
10.5-Percent-Thick A i r f o i l  With Area Suct ion.  NACA TN 3093, 1953. 

An i n v e s t i g a t i o n  has  been made a t  low speed of  t h e  two-dimensional charac- 
t e r i s t i c s  of a  10.51-percent-thick symmetrical a i r f o i l  wi th  a r e a  suc t ion  f o r  
boundary-layer c o n t r o l  near  t h e  l ead ing  edge. The l i f t  and suct ion-f low charac- 
t e r i s t i c s  were determined wi th  d i f f e r e n t  porous su r f aces  c o n s i s t i n g  of per fo-  
r a t e d  p l a t e s  and s i n t e r e d  s t e e l  f o r  var ious  suc t ion  v e l o c i t y  d i s t r i b u t i o n s  
ob ta ined  by varying t h e  pe rmeab i l i t y  arrangement. The flow requirements were 
a s c e r t a i n e d  over  a  range of  f ree-s t ream v e l o c i t i e s .  

The maximum s e c t i o n  l i f t  c o e f f i c i e n t  was increased  from 1 .3  t o  approxi- 
mately 1 .8  by means of a r e a  suc t ion  from 0.3- t o  3.0-percent chord. For t h e  
a i r f o i l  i n v e s t i g a t e d ,  a  l i f t  c o e f f i c i e n t  of  1 . 7  was a t t a i n e d  with a  minimum 
s e c t i o n  flow c o e f f i c i e n t  of  0.00090 a t  a  f ree-s t ream v e l o c i t y  of  162 f e e t  p e r  
second with a  permeabi l i ty  arrangement which gave a  s u c t i o n  v e l o c i t y  a t  t h e  
t r a i l i n g  edge of  t h e  suc t ion  a r e a  equa l  t o  2  pe rcen t  of  t h e  l o c a l  v e l o c i t y  w i t h  
no outf low a t  t he  l ead ing  edge. 

The maximum l i f t  c o e f f i c i e n t  and t h e  minimum suc t ion  q u a n t i t y  f o r  a  given 
l i f t  were independent of t h e  su r f ace  of  t h e  m a t e r i a l s  t e s t e d  ( i nc lud ing  f i l t e r  
paper ,  NACA TN 2847).  The minimum flow c o e f f i c i e n t  r equ i r ed  f o r  a  given 
inc rease  i n  l i f t  va r i ed  with free-s t ream ve loc i ty ;  t h e  amount depended on t h e  
chordwise d i s t r i b u t i o n  of  t h e  porous ma te r i a l .  
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268, Dannenberg, Robert E.  ; Weiberg, James A. ; and Gambucci, Bruno J. : The 
a s i s t a n c e  t o  A i r  Flow of Porous Materials  Sui table  f o r  Boundary-Layer- 
Control Applications Using Area Suction. NACA TN 3094, 1954. 

A survey has been made of the  r e s i s t ance  t o  a i r  flow of a  va r i e ty  of com- 
mercial ly ava i l ab le  porous mater ia ls .  Three general  types of porous media were 
t e s t e d  - granular  ( s in te red  bronze and s t e e l )  , f ibrous  ( f e l t  c lo th  and f i l t e r  
paper) , and perfora ted .  

For small pressure  d i f ferences  across the  porous mater ia l ,  the  pressure  
d i f ference  increased a s  a  constant power of the  suct ion  a i r  ve loci ty .  With 
l a r g e r  pressure d i f fe rences ,  the  pressure d i f ference  increased with ve loc i ty  a t  
a  more rap id  r a t e .  The flow res is tance  of a  sample of s i n t e r e d  bronze was inde- 
pendent of the  a i r  pressure a t  the  upstream s ide  of the  mater ia l  f o r  values of  
absolute pressure  from 830 t o  3170 pounds pe r  square foot .  

The flow res i s t ance  of a  sample of s in te red  s t e e l  was independent of the  
d i rec t ion  of the  flow approaching the  mater ia l .  
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269. Hunter, Paul A. ;  and Johnson, Harold I . :  A F l i g h t  Inves t iga t ion  of the 
P r a c t i c a l  Problems Associated With Porous-Leading-Edge Suction. NACA 
TN 3062, 1954. 

Results  of t h i s  inves t iga t ion  have indica ted  t h a t  a  p r a c t i c a l  wing having 
porous-leading-edge suct ion  can be constructed which has s u f f i c i e n t  s t rength  and 
durab i l i ty  f o r  use i n  f l i g h t  without adding excessive weight. For the  type of  
porous mater ia l  used i n  t h i s  inves t iga t ion ,  clogging due t o  atmospheric dus t  d i d  
not  appear t o  be a problem. For the  l i g h t  r a i n  encountered i n  f l i g h t ,  the  power 
required t o  produce a given flow c o e f f i c i e n t  was about 50 percent  more than t h a t  
required f o r  the  dry condition. Based on the  ground da ta ,  it was estimated t h a t  
f o r  f l i g h t  i n  heavy r a i n  the  power would be approximately twice t h a t  f o r  the  dry 
condition. A t  maximum blower speed, however, the  porous area  became c leared  
within 3 t o  4 minutes a f t e r  water ceased t o  impinge on the  surface .  Under cer-  
t a i n  condit ions,  t e s t s  showed a severe v ibra t ion  of the porous mater ia l  induced 
by an "organ pipe" resonance of the  a i r  column within the  ducts .  A s  expected 
from previous wind-tunnel r e s u l t s ,  the  use of leading-edge suct ion  w i t h  the  
small amount of  power avai lable  and with the  well-rounded a i r f o i l  s ec t ion  used 
(NACA 2412) had l i t t l e  e f f e c t  on the  maximum l i f t  coe f f i c i en t  developed. In  
general ,  an appreciable drop i n  maximum l i f t  c o e f f i c i e n t  occurred from the  
leading-edge-sealed configurat ion t o  the  condition of zero suct ion  with the  
porous-area configurat ions tes ted .  Increments i n  l i f t  c o e f f i c i e n t  due t o  t h e  
suct ion  ava i l ab le  general ly brought the  maximum l i f t  c o e f f i c i e n t  back approxi- 
mately t o  the value f o r  the  wing with the  leading edge sealed.  The maximum 
t h e o r e t i c a l  aerodynamic power, i f  duct  losses  a r e  excluded, varied with the con- 
f igura t ions  t e s t e d  from 3.65 t o  9.70 horsepower. 
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270. Dannenberg, Robert E . ;  Weiberg, James A * ;  and Gambucci, Bruno J . :  A 
Fibrous-Glass Compact a s  a Permeable Mater ia l  f o r  Boundary-Layer-Control 
Applicat ions Using Area Suct ion.  NACA TN 3388, 1955. 

Measurements were made of  t he  a i r - f low-res i s tance  c h a r a c t e r i s t i c s  of 
f ibrous-g lass  compacts c o n s i s t i n g  of blown-glass f i b e r s  and 25-percent phenolic  
r e s i n  by weight a s  t h e  bonding agent .  The permeabi l i ty  was c o n t r o l l e d  by the  
dens i ty  and th i ckness  of  t he  compact. The permeabi l i ty  of  cons t an t  th ickness  
compacts was va r i ed  over  t h e  range gene ra l ly  r equ i r ed  f o r  a p p l i c a t i o n s  of a r e a  
s u c t i o n  f o r  boundary-layer con t ro l .  

I n  a p p l i c a t i o n ,  t h e  compact could be molded t o  any d e s i r e d  shape and th ick-  
ness  and i n s t a l l e d  i n  a sandwich type of arrangement c o n s i s t i n g  of pe r fo ra t ed  
metal  s h e e t s  suppor t ing  a f ibrous-g lass  compact i n t e r i o r .  

The r i g i d  suppor t ing  s h e e t s  could se rve  a s  s t r u c t u r a l  members. Pe r fo ra t ing  
only the  po r t ion  o f  t h e  su r f ace  s h e e t  i n  t h e  porous region would permi t  a j o in t -  
f r e e  i n s t a l l a t i o n .  I n  opera t ion  the  f ibrous-g lass  compact could be removed and 
rep laced  i f  it became p a r t i a l l y  clogged. 

Author 
A v a i l a b i l i t y  : 
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271. F e r r i s ,  Donald P. ; Guendel, Henry W .  ; Heck, Frank W .  ; and Comstock, 
Gregory J. : Navy P r o j e c t  f o r  t h e  I n v e s t i g a t i o n  of  Porous Mater ia l  Made 
From Metal Powders f o r  A i r c r a f t  Boundary Layer Control .  Aer-TD-413, 
U.S. Navy, Jan.  31, 1956. (Avai lable  from DDC a s  AD85 167.) 

The technique o f  ex t ruding  s p h e r i c a l  metal powder p a r t i c l e s  was u t i l i z e d  t o  
provide  a preform wi th  varying cross-sec t ion .  This  s t r i p  was s i n t e r e d  and co ld  
coined t o  provide a s e c t i o n  o f  va r i ab l e  a i r  permeabi l i ty .  

, , 

Both mathematical and g raph ica l  r e l a t i o n s h i p s  between o r i g i n a l  t h i ckness ,  
f i n a l  th ickness ,  p re s su re  d i f f e r e n t i a l  and a i r  flow a r e  presented  and eva lua ted .  

The use o f  t h e  accumulated d a t a  t o  permit  t h e  design of  a preform s e c t i o n ,  
which meets t h e  requirements of predetermined aerodynamic s p e c i f i c a t i o n s ,  i s  
presented  and d iscussed .  

Author 
A v a i l a b i l i t y :  

N79-70073 
SN-30107, Apr. 1953-Jan. 1956 
AD85 167 

272. Yates,  E .  Carson, Jr.: On the  Permeabil i ty  of Porous Mater ia l s .  NACA 
TN 3596, 1956. 

The e f f e c t s  on porous-material  permeabi l i ty  c h a r a c t e r i s t i c s  of  t he  absolu te  
p re s su re  l e v e l  (and a s soc i a t ed  s c a l e  e f f e c t s )  , choking of t h e  flow, bending t h e  



mater ia l ,  and o the r  f a c t o r s  have been inves t iga ted ,  Samples of r o l l e d  30- by 
250-mesh Dutch weave Monel metal c lo th  and 1/16-inch-thick s in te red  bronze were 

1 
ca l ib ra ted  w i t h  constant  upstream pressures  of l atmosphere and 2- atmospheres 

3 
(varying downstreaii pressure)  and with cons tant  downstream pressure of 1 atmo- 
sphere (varying upstream pressure ) .  Experiments showed permeability charac ter -  
i s t i c s  t o  be appreciably a f fec ted  by absolute pressure l e v e l ,  flow choking, and 
thickness of the  mater ia l .  Moderate bending of the material  caused no notice-  
able  change i n  the  permeabil i ty.  Simple ca lcu la t ion  and cor re la t ion  procedures 
a re  presented f o r  determining permeability c h a r a c t e r i s t i c s  with reasonable 
accuracy when experimental da ta  a re  l imi ted .  

Author 
Ava i l ab i l i ty :  

N78-78604 

273.  Debeau, David Edmund: Evaluation of Porous Materials  f o r  Boundary-Layer 
Control. WADC TR 56-486, U.S. A i r  Force, Nov. 1956. (Available from 
DDC a s  AD 110 582.) 

C r i t e r i a  were determined from designers f o r  comparing various commercial 
permeable shee t  ma te r i a l s  f o r  use i n  boundary-layer cont ro l  associa ted  with 
h igh- l i fe  systems. Sin tered  metal powders, s p e c i a l  woven & s in te red  wire 
mater ia ls ,  a compressed g lass- f iber  product ,  woven wire c lo thes ,  & perfora ted  
metal sheets  were evaluated & compared f o r  the  following p roper t i e s :  average 
permeabil i ty,  uniformity of permeabil i ty,  r e s i s t ance  t o  clogging & corrosion,  
mechanical p roper t i e s  including room temperature t e n s i l e  s t r eng th ,  modulus of 
e l a s t i c i t y ,  Poisson's  r a t i o ,  & minimum bend radius.  An evaluat ion of  economic 
f a c t o r s ,  including production f a c i l i t i e s ,  product l i m i t a t i o n s ,  requirements f o r  
& a v a i l a b i l i t y  of raw mate r i a l s ,  & cos t  of  product,  was c a r r i e d  out  on those 
permeable sheet  mater ia ls  which a t t a ined  most near ly  the  physical  & mechanical 
p roper t i e s  des i red  by the  a i r c r a f t  designers.  An appendix presents  d e t a i l e d  
information co l l ec ted  on boundary l aye r  con t ro l  from severa l  a i r c r a f t  companies 
& government agencies. 

Author 
Avai labi l i ty :  

N79-70059 
SN-37135, Nov. 1954-Sept. 1956 
AD 110 582 

274. Schre l lo ,  D. M.:  A Method f o r  Estimating the  Flow Charac te r i s t i c s  of 
Permeable Materials  Sui table  f o r  Boundary Layer Control Applications 
ESO CL-1187. Rep. No. NA58H-354, North American Aviation, Inc . ,  Ju ly  3 ,  
1958. 

A dimensional analys is  of the  flow through a perfora ted  medium i s  found t o  
lead t o  a funct ional  r e l a t ionsh ip  between th ree  dimensionless flow parameters 
and two dimensionless geometric parameters. The assumed form of t h i s  r e l a t i o n -  
sh ip  involves eleven a r b i t r a r y  c o e f f i c i e n t s  which must be determined by experi-  
ment. An IBM 704 program i s  then used t o  ca lcu la te  these c o e f f i c i e n t s  f o r  da ta  
obtained from the  l i t e r a t u r e  on permeable mater ia ls  i n  normal and p a r a l l e l  flow, 



and q u a l i t a t i v e  and q u a n t i t a t i v e  conclusions about  t h e  e f f e c t s  o f  varying t h e  
m a t e r i a l  geometry a r e  ob ta ined .  A method is  presen ted  f o r  determining,  approxi- 
mately,  t he  proper  m a t e r i a l  geometry t o  be used f o r  any given two-dimensional 
boundary l a y e r  c o n t r o l  a p p l i c a t i o n  wi thout  recourse t o  s p e c i f i c  experimental  
measurements. 

Author 
A v a i l a b i l i t y  : 

N79 -70058 
N-71499 

275. Wortmann, F. X . ;  and Althaus,  D . :  I n v e s t i g a t i o n  o f  Laminar Boundary Layer 
Cont ro l  by a Novel Porous Surface.  S c i e n t i f i c  Assoc ia t ion  f o r  A i r  and 
Space Travel  and German Associat ion f o r  Rocket Technology and Space 
Travel  Research, Annual Meeting, Hermann Blenk, e d . ,  F r i e d r i c h  Vieweg 
und Sohn, 1965, pp. 158-163. 

Discussion o f  a p e r f o r a t e d  p l a s t i c  r e in fo rced  by g l a s s  f i b e r  proposed f o r  
BLC purposes .  The r e l a t i o n  between su r f ace  t h i cknes s  and ho le  diameter  can be 
a r b i t r a r i l y  v a r i e d ,  s o  t h a t  both very l i g h t  and heavy ( r e s i s t a n t )  su r f aces  a r e  
r e a d i l y  manufactured. Resu l t s  of  wind-tunnel experiments suppor t ing  t h e  a p p l i -  
c a b i l i t y  of  t h e  su r f ace  i n  t h e  p r a c t i c e  a r e  presen ted .  The observed l i m i t a t i o n s  
a r e  n o t  of  a b a s i c  na tu re  and should be e a s i l y  e l imina ted  i n  subsequent 
development. 

A v a i l a b i l i t y :  
A66-13513 

276. Bedore, Robert  L.:  An Experimental I n v e s t i g a t i o n  of  Mater ia l s  S u i t a b l e  f o r  
t he  Porous Skin of  a Boundary Layer Control  by Suct ion Vehicle:  Progress  
t o  9-31-75. Progress  Rep., Naval Undersea Center ,  Jan. 16,  1976. 

This  i n v e s t i g a t i o n  i s  an element of  a program t o  develop a Boundary Layer 
Cont ro l  by Suc t ion  Torpedo. The succes s fu l  design o f  such a torpedo depends on 
t h e  development of  a porous s k i n  wi th  a s a t i s f a c t o r y  combination o f  pe rmeab i l i t y ,  
s t r e n g t h  and clogging r e s i s t a n c e .  

The purpose of  t h e  i n v e s t i g a t i o n  i s  t o  i d e n t i f y  s u i t a b l e  m a t e r i a l s ,  dev ise  
s u i t a b l e  t e s t s  and t e s t  methods, t e s t  promising m a t e r i a l s ,  and at tempt  t o  under- 
s t a n d  how flow r a t e  and clogging r a t e  a r e  a f f e c t e d  by parameters  such a s  pore 
s i z e ,  water  q u a l i t y ,  t h i cknes s ,  e t c .  

Eleven m a t e r i a l s  have been i d e n t i f i e d ,  s i x  have been t e s t e d  and s e v e r a l  do 
have an acceptab le  combination of  p r o p e r t i e s .  

Continue i n v e s t i g a t i o n  o f  small  t e s t  specimens and s t a r t  t e s t i n g  two inch 
and s i x  inch diameter  s h e l l s .  
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A v a i l a b i l i t y :  
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277. Logan, J. C . :  BLCS Porous Materials .  NOSC TN 352, U.S. Navy, Oct. 1977. 

Ava i l ab i l i ty  : 
X79 -70072 

278. Douglas Ai rc ra f t  Co. : Development of  Technology f o r  the  Fabricat ion of 
Reliable Laminar Flow Control Panels on Subsonic Transports.  NASA 
CR-145125, 1976. 

The f e a s i b i l i t y  of using porous composite mater ia ls  (Kevlar , Doweave, and 
Leno Weave) a s  l ightweight ,  e f f i c i e n t  laminar flow contro l  (LFC) surface  mate- 
r i a l s  is  compared t o  the me ta l l i c  319L s t a i n l e s s  Dynapore surfaces and e lec t ron  
beam d r i l l e d  composite surfaces .  Areas inves t iga ted  include: (1) s e l e c t i o n  of 
the LFC-suitable surface mater ia ls ,  s t r u c t u r a l  mater ia ls ,  and fabr i ca t ion  tech- 
niques f o r  the  LFC a i r c r a f t  sk ins ;  ( 2 )  aerodynamic s t a t i c  a i r  flow test r e s u l t s  
i n  terms of pressure drop through the  LFC panel  and the  corresponding e f f e c t i v e  
poros i ty ;  (3)  s t r u c t u r a l  design d e f i n i t i o n  and analyses of the  panels;  and 
(4 )  contamination e f f e c t s  on s t a t i c  drop and e f f e c t i v e  .porosity. Conclusions 
a re  presented and discussed. 

Author 
Ava i l ab i l i ty  : 

N77-17038 

279. C r i m i ,  Pe te r :  Consideration of Clogging i n  Boundary-Layer Control System 
Design. J. Ai rc r . ,  vol .  14, no. 8 ,  Aug. 1977, pp. 825-827. 

A model is  proposed f o r  the  clogging mechanism of boundary l a y e r  cont ro l  
systems t h a t  employ suct ion through perfora ted  surfaces.  The primary parameters 
are  pe r fo ra t ion  s i z e ,  p a r t i c l e  s i z e ,  boundary l a y e r  thickness and ve loc i ty  pro- 
f i l e ,  ex te rna l  flow s t a t i c  and dynamic pressures ,  and suct ion  pressure.  An 
equation describes the  l i m i t i n g  condit ion f o r  no clogging of an individual  
p a r t i c l e ,  which i s  s a t i s f i e d  when the  moment on a p a r t i c l e  due t o  drag about 
the f u r t h e s t  downstream contac t  point  i s  s u f f i c i e n t  t o  overcome the  moment due 
t o  the  suct ion  on the  por t ion  of the  p a r t i c l e  i n  the  whole. Curves f o r  maximum 
suction f o r  no clogging vs hole s i z e  were obtained from t h i s  condition f o r  both 
laminar and turbulent  boundary l aye r s .  These r e s u l t s  a r e  applied t o  some spe- 
c i f i c  systems, and it was found t h a t  clogging need no t  be a problem f o r  boundary 
l aye r  con t ro l  used t o  prevent leading-edge s t a l l .  

Ava i l ab i l i ty  : 
A77-41549 

280. Brazier ,  Grant: Flow Resistance Charac te r i s t i c s  of a  Variety of Porous and 
P e ~ f o r a t e d  Sheets.  Rep. No. ES 15218 (Contract No. NOa(s) 9517) , Douglas 
Ai rc ra f t  Co., Inc . ,  June 9 ,  1949. 

Thirty-four specimens were t e s t ed  t o  determine airf low c h a r a c t e r i s t i c s .  Of 
these eleven were porous ( s in te red)  sheets  varying i n  thickness from 0.030 t o  
.090 and i n  poros i ty  from 25 t o  50 percent .  The remaining twenty-three speci-  



mens were p e r f o r a t e d  s h e e t s  varying i n  p e r f o r a t i o n  shape, i n  th ickness  from .002 
t o  .064 and i n  open a r e a  from 12 t o  46 pe rcen t .  Two e lec t ro-depos i ted  s c r eens  
were c l a s s i f i e d  a s  p e r f o r a t e d  s h e e t s .  The r e s u l t s  of t h e  porous specimens a r e  
p re sen t ed  a s  p l o t s  of  Darcy's Permeabi l i ty  C o e f f i c i e n t ,  a ,  vs Reynolds number 
and t h e  r e s u l t s  of t he  p e r f o r a t e d  specimens a s  A.S.M.E. flow c o e f f i c i e n t ,  K ,  vs  
Reynolds number. The e f f e c t s  of  clogging by water  and d u s t  a r e  p re sen t ed  f o r  
one porous specimen. 

Author 
A v a i l a b i l i t y :  
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281. May, G . ;  and G i l e s ,  W. B. :  Porous Mater ia l  Development f o r  Boundary Layer 
Control .  Rep. No. 64GL207 (Contract  NOW 60-0839 ( d ) ) ,  General E l e c t r i c  
Co., Dec. 22, 1964. (Avai lab le  from DDC a s  AD 461 563.) 

This  r e p o r t  de sc r ibes  t h e  development o f  a new porous m a t e r i a l  undertaken 
s p e c i f i c a l l y  f o r  t h e  a p p l i c a t i o n  of a r e a  suc t ion  boundary l a y e r  c o n t r o l  t o  under- 
water  veh i c l e s .  This  m a t e r i a l  was subsequent ly  used i n  t h e  manufacture o f  
s e v e r a l  hydrodynamic t e s t  models varying i n  s i z e  from 2 i n .  t o  12-3/4 i n .  0 .d .  
The sma l l  models were t e s t e d  and r epo r t ed  t o  show boundary l a y e r  s t a b i l i z a t i o n .  
A unique p rope r ty  of t h i s  des ign  i s  i t s  a b i l i t y  t o  recover  i t s  o r i g i n a l  p o r o s i t y  
with simple back f l u sh ing .  

Author 
A v a i l a b i l i t y :  

STIF (by au thor  o r  t i t l e )  
AD 461 563 

282. Meyer, Warren A . ;  Goldsmith, John; and Pfenninger ,  Werner: Note on Pre- 
l iminary  Laminar Suc t ion  Experiments Through Round Holes a t  High Reynolds 
Numbers and Low Turbulence. Rep. BLC-12, Northrop A i r c r a f t ,  I n c . ,  
Sept .  1953. 

The purpose o f  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  s tudy  t h e  condi t ions  under 
which l o c a l  i n s t a b i l i t y  o f  t h e  laminar flow i n  t h e  reg ion  of  a s i n g l e  s u c t i o n  
hole  causes  premature t r a n s i t i o n  a t  high Reynolds numbers and low turbulence .  
This w a s  done a s  p a r t  o f  d i s cove r ing  how f a r  t h e  number of  ho l e s  can be  reduced 
wi thout  d e v i a t i n g  t o o  much from t h e  t h e o r e t i c a l  i d e a l  of  continuous s u c t i o n .  
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A v a i l a b i l i t y  : 

N78-78787 
BLC-12 

283. Goldsmith, John; and Meyer, W .  A . :  Prel iminary Experiments on Laminar 
Boundary Layer Suct ion Through C i r c u l a r  Holes a t  High Reynolds Numbers 
and Low Turbulence. Rep. No. BLC-23, Northrop A i r c r a f t ,  I n c . ,  Dec. 1953. 
(Avai lable  from DDC a s  AD 30 321(c) . )  

Experiments have been conducted t o  determine t h e  i n f luence  of boundary 
l a y e r  suc t ion  through ho le s  i n  t h e  wal l  of  a tube on t h e  behavior  of the gene ra l  



flow i n  the  tube. The maximum Reynolds numbers f o r  the  experiments ( )  were 

about 18.7 mi l l ion  where i s  the  mean ve loc i ty  i n  the  tube and xs is the  
d is tance  between t h e  equivalent  s t r a i g h t  tube i n l e t  and the  s t a t i o n  where obser- 
vat ions of the  s t a t e  of the  flow w e r e  made. The h ighes t  length Reynolds numbers 
based on the  d is tance  from the  equivalent  s t r a i g h t  tube i n l e t  t o  t h e  suct ion  

holes ( )  were 11 mil l ion .  I t  was observed t h a t  there  is  a c r i t i c a l  suct ion  

quan t i ty  associa ted  with each hole configurat ion and tube veloci ty .  A s  long a s  
the  suct ion  quan t i ty  remains l e s s  than the  c r i t i c a l  value, the  a i r f low i n  t h e  
tube remains laminar; b u t  when the  c r i t i c a l  suct ion  quan t i ty  i s  exceeded, it 
causes premature t r a n s i t i o n  i n  the boundary l a y e r  downstream of the  suct ion  
holes.  

Measurements of t h i s  c r i t i c a l  suct ion  quan t i ty  have been made f o r  various 
configurat ions inc luding s i n g l e  holes  and up t o  f i v e  rows of holes  w i t h  t he  rows 
o r i en ted  perpendicular  t o  the  a x i s  o f  the  tube. 
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284. C l i e t t ,  Charles B.: S t r u c t u r a l  Considerations of Perfora ted    ate rials Used 
i n  Boundary Layer Control. Res . Rep. No. 2 (Contract Nonr 223 (00) ) , 
Mississ ippi  S t a t e  Coll . ,  Sept.  20, 1952. ( ~ v a i l a b l e  from DDC a s  
AD 6 050.) 

Perfora ted  s h e e t  mater ia ls  have s t r u c t u r a l  advantage over s l o t s  i n  t h a t  
to r s ion  can be c a r r i e d  by the  sheet .  Since separa te  chamber pressures  can be 
el iminated by varying t h e  poros i ty ,  an add i t iona l  advantage i n  s t r u c t u r a l  s i m -  
p l i f i c a t i o n  r e s u l t s .  In  f a c t ,  the  technique of  laminar boundary l a y e r  s t a b i l i -  
za t ion  using a perfora ted  surface  may involve l i t t l e  add i t iona l  s t r u c t u r e  over 
the  conventional a i rp lane  wing design. It i s  f o r  t h i s  reason t h a t  t h i s  research 
on the  s t r u c t u r a l  p roper t i e s  of  perfora ted  shee t  mater ia ls  was undertaken. The 
s t r u c t u r a l  s ide  of  boundary l a y e r  suct ion  has caused considerable concern, b u t  
has been the  s u b j e c t  of  very l i t t l e  research.  This paper i s  an e f f o r t  t o  f i l l  a 
small por t ion  o f  the  gap between t h e  progress made on the  aerodynamic considera- 
t ions  and the  lack of progress made, due t o  l i t t l e  e f f o r t ,  on the  s t r u c t u r a l  
considerat ions.  A second purpose, and the  more important one, i s  t o  s t imula te  
the  i n t e r e s t  of structures-minded people and therefore  lead  t o  se r ious  study of 
the subjec t .  
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285. Carmichael, Bruce H.: Summary of F l i g h t  Research on Nineteen Poros i ty  
Dis t r ibu t ions  Designed t o  Maintain Laminar Boundary Layers on a NACA 
A i r f o i l  With a Single  I n t e r n a l  Chamber. Res. Rep. No. 6 (Contract  
Nonr 978(01)) ,  Aerophys. Dep., Mississippi  S t a t e  Coll . ,  1954. (Available 
from DDC as  AD 38 681.) 

This r e p o r t  summarizes a y e a r ' s  study of a process aimed a t  drag  reduction 
through maintenance of complete laminar flow over ex te rna l  a i r c r a f t  sur faces .  
Suction of boundary l a y e r  air through the  surface  was inves t iga ted  a s  the  means 
toward t h i s  end. Perfora ted  sk in  was used i n  an e f f o r t  t o  reach a s u i t a b l e  
compromise between the  p r a c t i c a l  aspects  of  manufacturing and maintenance and 
the  performance requirement of  suct ion  power economy. A s i n g l e  i n t e r n a l  com- 
partment was used i n  a f u r t h e r  concession toward p r a c t i c a l  considerat ions i n  
view of t h e  complexity of the  s t r u c t u r e  and suct ion  source accompanying compart- 
mentation. Es tabl ish ing the  flow condit ion through use of  a por t ion  of a s a i l -  
plane wing i n  f r e e  f l i g h t  i n  the  atmosphere permit ted a very pure environment 
f o r  the  t e s t s .  The major p a r t  of t h i s  y e a r ' s  work was confined t o  t r a n s i t i o n  
detec t ion  and prevention under the  very low disturbance l e v e l  of the  n a t u r a l  
environment. Instrumentation developed s ince  the  period reported here  w i l l  per- 
m i t  study of the  boundary l a y e r  s t a b i l i t y  t o  f ixed frequency disturbances under 
various appl ica t ions  o f  suct ion.  
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286. Ward, G. F.: Measurement of the  Flow Through Small Holes. Aerodyn. 
Note 127 ,  Aeronaut. R e s .  Labs. , Dep. Supply (MeLbourne) , Sept. 1953. 

Flow c o e f f i c i e n t s  and q u a n t i t i e s  f o r  small holes  i n  various ma te r i a l s  have 
been experimentally e s t ab l i shed  f o r  condit ions wi th in  the  following l i m i t s .  

(i) Reynolds numbers 
(ii) Hole diameters 
(iii) Pressure d i f fe rences  

1000 t o  14000 
0.020 i n .  t o  0.053 i n .  
0.5 i n .  Hg t o  6 i n .  Hg 
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287. Goldsmith, J.: Experiments W i t h  Laminar Boundary Layer Suction Through 
Rows of Closely Spaced Circular  Holes a t  High Reynolds Number and Low 
Turbulence. Rep. No. BLC-36, Northrop A i r c r a f t ,  Inc . ,  Mar. 1954. 
(Available from DDC a s  AD 52 586.) 

A s e r i e s  of experiments were conducted t o  v e r i f y  whether o r  n o t  extensive 
laminar flow can be maintained a t  high Reynolds number and low turbulence by 
means of suct ion  through holes .  Previous experiments have ind ica ted  t h a t  one of 
the  most s a t i s f a c t o r y  hole conf igura t ions  was an arrangement of  holes  i n  a row 



s o  t h a t  they  a r e  c l o s e l y  spaced and form a p e r f o r a t e d  s l o t .  The experiments  
with c l o s e l y  spaced ho le s  inc lude  (a )  t he  e f f e c t  of  mu l t i p l e  rows o f  ho l e s ,  
(b)  t h e  e f f e c t  of  small  streamwise displacement o f  a l t e r n a t e  ho les  i n  o r d e r  t o  
improve the  s t r u c t u r a l  c h a r a c t e r i s t i c s  of t he  s u r f a c e ,  and ( c )  t he  e f f e c t  o f  
ending a  s l o t  o r  of  us ing  f i n i t e  l ength  p e r f o r a t e d  s l o t s  r a t h e r  than i n f i n i t e  
s l o t s .  

From t h e  r e s u l t s  of  t he se  experiments it appears  t h a t  a t  t h e  t e s t  Reynolds 
numbers t h e r e  i s  l i t t l e  d i f f e r e n c e  between t h e  boundary l a y e r  c o n t r o l  p e r f o r -  
mance o f  s e v e r a l  rows o f  c l o s e l y  spaced ho le s  and t h e  performance of  continuous 
s l o t s .  Using t e n  rows of p e r f o r a t e d  s l o t s ,  laminar  flow was maintained through 
a  p re s su re  rise of  60% of t h e  maximum dynamic p re s su re  i n  t he  tube a t  a  Reynolds 
number of  about  15 m i l l i o n  a t  t he  suc t ion  ho l e s  and about 17.5 m i l l i o n  where t he  
boundary l a y e r  was observed t o  be laminar .  

Departures from t h e  continuous s t r a i g h t  l i n e  row of  ho les  such as s t agge r -  
i n g  a l t e r n a t e  ho l e s  o r  ending a  s l o t  may reduce t h e  maximum suc t ion  p e r  u n i t  
s l o t  l eng th  a t  which complete laminar flow can be maintained. For t h e  case  o f  
ending a  s lot  t h e  d i s turbances  causing turbulence  a r e  l o c a l .  The same problem 
of  ending a  s l o t  a l s o  occurs  f o r  t h e  convent ional  continuous s l o t .  

A v a i l a b i l i t y :  
N78-78475 
SN-24021, Apr. 1954 
BLC-36 
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288. Meyer, W. A.:  Prel iminary Report on t h e  Flow F i e l d  Due t o  Laminar Suct ion 
Through Holes. Rep. NAE-55-290 (Rep. No. BLC-751, Northrop A i r c r a f t ,  
Inc .  , Mar. 1955. (Avai lable  from DDC a s  AD 74 865. ) 

Previous i n v e s t i g a t i o n s  of t h e  e f f e c t  of suc t ion  through ho le s  i n  t h e  
2-inch tube s e tup  have been repor ted  i n  References 1, 2 ,  3 and 4. During t h e  
course of  t h e s e  i n v e s t i g a t i o n s  it had been noted t h a t  t h e  c r i t i c a l  s u c t i o n  
q u a n t i t y  p e r  ho l e  ( suc t ion  r a t e  a t  which t h e  flow downstream o f  t h e  ho l e s  
becomes t u r b u l e n t )  f o r  c e r t a i n  mult i -hole  con f igu ra t i ons  was l e s s  t han  t h a t  f o r  
a  s i n g l e  ho le .  This e f f e c t  i s  g raph ica l ly  i l l u s t r a t e d  i n  Figures  7  and 8 o f  
Reference 2. I t  can be seen that-. t he  c r i t i c a l  suc t ion  q u a n t i t y  p e r  ho l e  f o r  
t h e  case o f  two ho le s  spaced 72O, 90° and 180° a p a r t  was e s s e n t i a l l y  t h e  same 
a s  f o r  one ho l e .  I t  may a l s o  be seen t h a t  a s  t h e  ho l e  spac ing  was decreased ,  
the c r i t i c a l  suc t ion  q u a n t i t y  p e r  ho l e  a l s o  decreased.  A t  t h e  s m a l l e s t  ho l e  
spacing t h e  f i r s t  c r i t i c a l  suc t ion  q u a n t i t y  p e r  ho le  was one-eighth t o  one - f i f t h  
t h a t  of a  s i n g l e  ho le  (Fig.  7 ) -  I t  should a l s o  be noted t h a t  f o r  t h e  s m a l l e s t  
ho le  spac ing ,  and a t  a  cons tan t  f rees t ream v e l o c i t y ,  t h e  flow became laminar ,  
t u rbu len t ,  then laminar and again t u rbu len t  with i n c r e a s i n g  suc t ion  r a t e s .  It 
i s  ev iden t  from what has  been prev ious ly  s t a t e d  t h a t  t h e  flow f i e l d s  o f  ad j acen t  
suc t ion  holes  must be r e a c t i n g  with each o t h e r ,  o f t e n  t o  t he  de t r imen t  of  the 
c r i t i c a l  s u c t i o n  q u a n t i t y .  In  o rde r  t o  understand t h e  mechanism involved ,  a  



s e r i e s  of  r e l a t i v e l y  low Reynolds numbers, low speed experiments ,  were conducted. 
This  no t e  i s  a summary of  t h e  i n i t i a l  r e s u l t s  ob t a ined  from these  t e s t s .  
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289. Goldsmith, John: Addi t iona l  Experiments on Laminar Boundary Layer Suc t ion  
Through C i r c u l a r  Holes a t  High Reynolds Numbers and Low Turbulence. 
B p .  No. BLC-28, Northrop A i r c r a f t ,  I n c . ,  Feb. 1954. (Avai lab le  from 
DDC a s  AD 38 616(b)  .) 

Experiments conducted t o  determine t h e  i n f luence  o f  boundary l a y e r  s u c t i o n  
through h o l e s  i n  t he  wal l  of a 2-inch diameter  laminar  flow tube  were desc r ibed  
i n  Reference 2. I t  was observed t h a t  t h e r e  i s  a c r i t i c a l  suc t ion  q u a n t i t y  
a s s o c i a t e d  wi th  each ho le  con f igu ra t i on  and tube v e l o c i t y .  A s  long a s  t h e  suc-  
t i o n  q u a n t i t y  through t h e  h o l e s  remains l e s s  than  t h e  c r i t i c a l  va lue ,  t h e  a i r -  
flow i n  t h e  t u b e  remains laminar;  b u t  when the  c r i t i c a l  suc t ion  q u a n t i t y  i s  
exceeded, premature t r a n s i t i o n  occurs  i n  t h e  boundary l a y e r  downstream o f  t h e  
s u c t i o n  ho l e s .  These experiments have been cont inued f o r  a d d i t i o n a l  h o l e  con- 
f i g u r a t i o n s ,  and t h e  r e s u l t s  a r e  presen ted  i n  t h i s  r e p o r t .  The maximum Reynolds 
numbers f o r  t h e  experiments based on the  mean v e l o c i t y  i n  t he  tube  were about  
14 m i l l i o n  a t  t h e  l o c a t i o n  of  t h e  suc t ion  ho l e s  and about  17 m i l l i o n  a t  t h e  
s t a t i o n  where t h e  s t a t e  of t h e  boundary l a y e r  was observed. 

Measurements of t h e  c r i t i c a l  suc t ion  q u a n t i t y  were made f o r  one t o  t e n  rows 
o f  ho l e s  wi th  20 ho le s  spaced evenly around t h e  circumference of  t h e  tube  i n  
each row. The r e s u l t s  of  t h e  experiments i n d i c a t e  t h a t  t h e  c r i t i c a l  s u c t i o n  
q u a n t i t y  i n c r e a s e s  a s  each a d d i t i o n a l  row of  h o l e s  i s  added, b u t  t h a t  t h i s  
i n c r e a s e  f o r  each a d d i t i o n a l  row becomes small  when more than about  f i v e  rows 
a r e  employed. I t  w a s  a l s o  shown t h a t ,  i n  o r d e r  t o  achieve maximum c r i t i c a l  suc-  
t i o n  q u a n t i t y  f o r  a group o f  h o l e s ,  it i s  o f t e n  necessary  t o  i n d i v i d u a l l y  a d j u s t  
t h e  s u c t i o n  q u a n t i t y  i n  each row of  ho les .  

Experiments wi th  s i n g l e  rows of c l o s e l y  spaced ho le s  (98 and 110 holes/row) 
i n d i c a t e  t h a t  t h e  c r i t i c a l  s u c t i o n  q u a n t i t y  i s  g r e a t l y  i nc reased  when t h e  cen t e r -  
l i n e  spac ing  between ad j acen t  ho les  i s  decreased t o  about  0.057 inches .  The 
ho le  diameter  i s  0.038 inches .  The r e s u l t s  a l s o  show t h a t  t he  c r i t i c a l  s u c t i o n  
q u a n t i t y  f o r  110 h o l e s  i s  d r a s t i c a l l y  reduced i f  one o r  more of  t h e  ho l e s  i s  
f u l l y  o r  even p a r t i a l l y  plugged. 
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290. Goldsmith, John: Inves t iga t ion  of t h e  Flow i n  a Tube With Laminar Suction 
Through 80 Rows of Closely-Spaced Holes. NAI-56-29 3, Rep. No. BLC-86, 
Northrop A i r c r a f t ,  Inc . ,  Mar. 1956. (Available from DDC a s  AD 92 1 3 4 ( a ) . )  

Laminar suct ion  experiments have been conducted i n  a 2-inch diameter low 
turbulence tube with 80 rows of closely-spaced suct ion  holes a t  the  downstream 
end of the  tube. Laminar flow has been observed f o r  these  experiments f o r  tube 
length  Reynolds numbers from 8.5 t o  18.8 mi l l ion ,  and pressure r i s e s  i n  the  suc- 
t ion  region from 36 t o  69% of the  maximum dynamic pressure .  

P r o f i l e  drag c o e f f i c i e n t s  of equivalent  symmetrical suct ion  a i r f o i l s  having 
the  same pressure  d i s t r i b u t i o n  as the  tube,  have been estimated from the  r e s u l t s  
of these experiments. The est imated drag c o e f f i c i e n t s  f o r  both wing surfaces  a t  
zero angle of a t t ack  ( including the  equivalent  drag due t o  suct ion  power) vary 
from .0007 t o  .0010 depending on the  pressure r i s e  and Reynolds number. 

S imi lar  experiments were previously conducted f o r  80 s l o t s  (Ref. 1 1 ,  and a 
comparison i s  made between the  performance of the  s l o t s  and rows of holes .  I t  
was found t h a t  the  s l o t s  a re  general ly more e f f i c i e n t  than the  rows of  holes ,  
but  no t  so much more e f f i c i e n t  a s  t o  e l iminate  the  use of rows of holes  where 
o the r  considerat ions may favor them. 
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291. Goldsmith, John: Losses Through Holes. Summary of Laminar Boundary Layer 
Control Research, WADC Tech. Rep. 56-111, U.S .  A i r  Force, Mar. 1964, 
p. 225. (Available from DDC a s  AD 130 759.) 

Experiments were conducted t o  determine losses  through holes .  The r e s u l t s  
of the  measured hole losses  were compared with the  measured losses  f o r  a laminar 
flow tube with smooth i n l e t .  
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292. Goldsmith, John: Comparison of the  Calculated and Measured Laminar Suction 
Losses Through Small Round Holes W i t h  Sharp-Edged I n l e t s .  Rep. No. 
BLC-91, Rep. No. NAI-56-1110 (Contract AF33 (616) 3168) , Northrop Ai rc ra f t ,  
Inc.  , Nov. 1956. 

The pressure  drop through a tube with rounded i n l e t  i s  compared with mea- 
sured hole losses  both with and without t ransverse  ex te rna l  ve loc i ty ,  and it i s  
found t h a t  co r re la t ion  i s  good, provided: 



( a )  t h e  l eng th  of  t h e  hole  i s  g r e a t e r  than two times t h e  diameter  

(b)  t he  ho le  Reynolds number (2a;/v) does n o t  exceed 1600 - 2100 

(c)  t h e  a i r  a c c e l e r a t e s  i n t o  the  hole  (note  t h a t  when the re  i s  t r ansve r se  
v e l o c i t y  of  t he  ambient s t ream a t  t h e  ho le  i n l e t ,  t he  suc t ion  a i r  may 
d e c e l e r a t e  o r  "d i f fuse"  a s  it passes  i n t o  t h e  ho le ,  b u t  c o r r e l a t i o n  of 
hole  l o s s e s  and tube l o s s e s  does n o t  occur i f  t he  "d i f fus ion"  i s  too  
g r e a t )  

(d)  account i s  tdken of t h e  dynamic p re s su re  i n  t h e  suc t ion  l a y e r  ( i n  t h e  
case where t h e r e  i s  e x t e r n a l  v e l o c i t y )  

( e )  only a smal l  po r t ion  of  t he  boundary l a y e r  is  removed i n  each s u c t i o n  
hole  ( i n  t he  case where t h e r e  i s  e x t e r n a l  v e l o c i t y ) .  

Since none of  these  p rov i s ions  is  i n c o n s i s t e n t  with good laminar s u c t i o n  
des ign  p r a c t i c e ,  t h e  assumption t h a t  t he  rounded tube  and sharp-edged h o l e s  a r e  
comparable can be considered a  v a l i d  assumption, whenever the  p rov i s ions  a r e  
met. The method of  accounting f o r  t h e  e x t e r n a l  dynamic p re s su re  when t h e r e  i s  
e x t e r n a l  v e l o c i t y  (provis ion  "d") i s  descr ibed  i n  t he  t e x t .  
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293. Rogers, K. H . :  Experimental and Theore t i ca l  I n v e s t i g a t i o n s  of  t h e  
Pressure-Drop Through Holes and S l o t s  i n  Incompressible Viscous Flow. 
NAI-58-19, Rep. No. BLC-104, Northrop A i r c r a f t ,  Inc.  , Dec. 1957. 
(Avai lable  from DDC a s  AD 152 319. ) 

Experimental and t h e o r e t i c a l  determinat ions of  t h e  pressure-drop through 
ho le s  and s l o t s  a r e  shown f o r  a  wide range of Reynolds numbers and length  r a t i o s ,  
from t h e  regime o f  laminar flow through ho le s  and channels a t  low Reynolds num- 
b e r s  t o  flow through t h i n  p l a t e  o r i f i c e s  a t  high Reynolds numbers. The e f f e c t  
of  rounding t h e  i n l e t  edge of  t he  ho le  o r  s l o t ,  and the  e f f e c t  o f  p re s su re  
recovery from t r ansve r se  flow a t  t he  s l o t  i n l e t  a r e  shown. Most of  t h e  expe r i -  
ments were made t o  extend t h e  e x i s t i n g  d a t a  beyond t h e  low Reynolds regime i n t o  
t h e  r e l a t i v e l y  unchartered in te rmedia te  regime i n  o rde r  t o  p r e s e n t  a  compre- 
hensive performance c h a r t  over  a  wide range of  Reynolds numbers. The r e p o r t  i s  
in tended  t o  be a  re ference  f o r  t h e  design o r  performance determinat ion of  meter- 
i n g  ho le s  and s l o t s  i n  suc t ion  systems, b u t  it may a l s o  be found use fu l  i n  o t h e r  
a p p l i c a t i o n s  o f  f l u i d  dynamics. 
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294, Goldsmith, John: C r i t i c a l  Laminar Suct ion Parameters f o r  Suct ion I n t o  an 
I s o l a t e d  Hole o r  a S ingle  Row of Holes. Rep, No, BLC-95, Rep. No. 
NAL-57-529, Northrop A i r c r a f t ,  Lnc., Feb. 1957. 

From experiments with laminar  suc t ion  where s u c t i o n  i s  appl ied  through 
small  c i r c u l a r  ho le s ,  it i s  known t h a t  t h e r e  a r e  l i m i t i n g  suc t ion  q u a n t i t i e s  
which must be observed i f  laminar flow is  t o  be maintained. The s u c t i o n  l i m i t  
i s  denoted t h e  " c r i t i c a l  suc t ion  q u a n t i t y "  and i f  t h e  s u c t i o n  i s  g r e a t e r  than a 
maximum c r i t i c a l  value o r  l e s s  than a minimum c r i t i c a l  va lue ,  premature t r a n s i -  
t i o n  occurs .  A s  long a s  t he  l i m i t i n g  values a r e  observed,  however, s u c t i o n  
through ho le s  he lps  i n  maintaining laminar flow. The c r i t i c a l  suc t ion  q u a n t i t y  
i s  a func t ion  of s e v e r a l  v a r i a b l e s  such a s  ho le  diameter ,  hole  spac ing ,  boundary 
l a y e r  t h i ckness  and numerous o t h e r  q u a n t i t i e s .  Measurement of t h e  c r i t i c a l  suc- 
t i o n  q u a n t i t y  f o r  so  many v a r i a b l e s  i s  a t a sk  t h a t  i s  next  t o  impossible .  A s  a 
r e s u l t ,  an a t tempt  has been made t o  determine t h e  form o f  a l i m i t e d  number of  
parameters  which a r e  made up of known q u a n t i t i e s  and which have unique values 
corresponding t o  t he  c r i t i c a l  suc t ion  q u a n t i t y .  The d e r i v a t i o n  of  t h e  form o f  
t hese  des ign  parameters and t h e i r  measured c r i t i c a l  va lues  a r e  presented  i n  t h i s  
r e p o r t .  The use of t hese  parameters can considerably s impl i fy  t h e  des ign  of  an 
aerodynamic su r f ace  employing suc t ion  through ho le s ,  s i n c e  t h e  number of  v a r i -  
ab l e s  i s  reduced t o  a minimum; f o r  i n s t a n c e ,  t he  c r i t i c a l  suc t ion  parameter f o r  
a s i n g l e  row of holes  i s  near ly  a unique func t ion  of a s i n g l e  a d d i t i o n a l  param- 
e t e r  which desc r ibes  t h e  conf igura t ion .  

This r e p o r t  i nc ludes  the  fol lowing a s  an appendix: 

A Phys ica l  Concept of t h e  Causes of T rans i t i on  and the  I r r e g u l a r  
Shape of  t he  Universal C r i t i c a l  Suct ion Curve 
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295. Dannenberg, Robert E . ;  Gambucci, Bruno J.; and Weiberg, James A.: 
Pe r fo ra t ed  Sheets  a s  a Porous Mater ia l  f o r  ~ i s t r i b u t e d  Suct ion  and 
I n j e c t i o n .  NACA TN 3669, 1956. 

Measurements were made of t he  r e s i s t a n c e  t o  a i r  flow of a s e r i e s  o f  per fo-  
r a t e d  metal shee t s  having open a r e a s  ranging from l e s s  than 1 pe rcen t  up t o  
41 pe rcen t .  The r e s u l t s  showed t h a t  t he  permeabi l i ty  of a p e r f o r a t e d  s h e e t  i s  
governed p r i n c i p a l l y  by i t s  open-area r a t i o .  The number of ho les  p e r  square 
inch ,  t h e  shee t  th ickness ,  and t h e  shape of t he  ind iv idua l  ho le s  had l i t t l e  o r  
no e f f e c t  on permeabi l i ty .  

A s  a porous ma te r i a l  f o r  boundary-layer-control app l i ca t ions  by means of  
d i s t r i b u t e d  suc t ion  o r  i n j e c t i o n ,  punch-perforated shee t s  can be made t o  any 
des i r ed  permeabi l i ty .  For these  a p p l i c a t i o n s  i t  i s  usua l ly  necessary t o  have 
d i f f e r e n t  permeabi l i ty  a t  d i f f e r e n t  l o c a t i o n s ,  To achieve a g r a d i e n t  perme- 
a b i l i t y ,  t h e  s i z e  and/or spacing of t h e  ho le s  i n  successive rows can be va r i ed  



commensurately wi th  t h e  prescr ibed  v a r i a t i o n  i n  permeabi l i ty .  Gradient  perme- 
a b i l i t y  a l s o  can be achieved wi th  uniformly pe r fo ra t ed  shee t s  combined wi th  some 
form of r e s i s t a n c e  backing t o  f u r n i s h  t h e  g rad ien t  e f f e c t ,  
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296. Bu t l e r ,  S. F .  J.: Current  Tes t s  on Laminar-Boundary-Layer Control  by 
Suct ion Through Pe r fo ra t ions .  R. & M. No. 3040, B r i t i s h  A . R , C . ,  1957. 

This note  desc r ibes  c u r r e n t  experiments on laminar-boundary-layer con t ro l  
by suc t ion  through p e r f o r a t i o n s .  No at tempt  was made t o  ob ta in  fu l l -chord  lami- 
n a r  flow, a s  t h i s  had been shown previous ly  t o  be a  n a t u r a l  consequence of 
applying a  s u i t a b l e  suc t ion  d i s t r i b u t i o n ,  provid ing  t u r b u l e n t  wedges d i d  n o t  
r e s u l t  from oversuc t ion .  In  t he  p r e s e n t  t e s t s ,  t h e  main aim t h e r e f o r e  was t o  
determine t h e  flow r a t e s  a t  which such wedges appeared f o r  d i f f e r e n t  arrange-  
ments of p e r f o r a t i o n s .  In  order  t o  s imp l i fy  the  t e s t  procedure, most o f  t h e  
r e s u l t s  were obta ined  using one o r  more c l o s e l y  spaced rows of  p e r f o r a t i o n s  a t  
a s i n g l e  chordwise s t a t i o n  on an otherwise p l a i n  wing. A method i s  given,  sup- 
po r t ed  by some experimental  evidence,  f o r  p r e d i c t i n g  the  p e r f o r a t i o n  spacing 
which would be requi red  i n  a  fu l l -chord  app l i ca t ion  from the  r e s u l t s  t hus  
obtained a t  a s i n g l e  chordwise s t a t i o n .  

With a l l  t he  conf igura t ions  t e s t e d ,  a  l i m i t i n g  suc t ion  r a t e  was found above 
which t u r b u l e n t  wedges appeared, causing premature t r a n s i t i o n .  This l i m i t  
exh ib i t ed  an adverse Reynolds-number e f f e c t  and a l s o  made i t  e s s e n t i a l  t o  use a  
uniform backing t o  o b t a i n  a  s a t i s f a c t o r y  performance. I t  i s  suggested t h a t  flow 
curva ture  under three-dimensional condi t ions  may f u r t h e r  r e s t r i c t  the  suc t ion  
r a t e s  which could be used. 

Because of  t he  adverse Reynolds-number e f f e c t ,  t he  p r e s e n t  t e s t s  needed t o  
be extended t o  cover f l i g h t  va lues  of Uo/v. A s h o r t  programme of t e s t s  w i l l  
cover t he  p r a c t i c a b l e  diameter range with d i f f e r e n t  geometr ical  con f igu ra t ions  
t o  provide two-dimensional da t a .  I f  these  t e s t s  a r e  successfu l ,  t he  l o g i c a l  
next  s t e p  would be f o r  an a i r c r a f t  des igner  t o  choose a  conf igura t ion  based on 
the  wind-tunnel r e s u l t s  and prove it under f l i g h t  condi t ions .  
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297. Gregory, N. ; and Walker, W .  S. : Experiments on the  Use of Suct ion Through 
Pe r fo ra t ed  S t r i p s  f o r  Maintaining Laminar Flow: Trans i t i on  and Drag 
Measurements. R. & M. No. 3083, B r i t i s h  A . R . C . ,  1958. 

Wind-tunnel t e s t s  a r e  descr ibed  i n  which suc t ion  i s  appl ied  a t  pe r fo ra t ed  
s t r i p s ,  a s  an a l t e r n a t i v e  t o  porous s t r i p s  o r  s l o t s ,  i n  order  t o  maintain a  
laminar  boundary l a y e r .  A t e s t  was f i r s t  c a r r i e d  ou t  on a  s i n g l e  row of pe r fo -  
r a t i o n s  on a  cambered p l a t e ,  a s  a  pre l iminary  t o  t he  main t e s t s  which were per -  
formed on s t r i p s  of mu l t ip l e  rows of  p e r f o r a t i o n s  d r i l l e d  through the  su r f ace  of 
a low-drag-type a e r o f o i l  13  p e r  cen t  t h i ck  and of 5 - f t  chord. 



Up t o  a wind speed o f  180 f t / s e c  i t  has been a sce r t a ined  t h a t  suc t ion  may 
be s a f e l y  app l i ed  t o  extend laminar flow provided t h e  r a t i o  of  ho l e  diameter  t o  
boundary-layer displacement th ickness  i s  l e s s  than 2 ,  t h e  r a t i o  of  ho le  p i t c h  t o  
diameter  i s  l e s s  than 3 and t h e r e  a r e  a t  l e a s t  t h r ee  rows of  ho l e s  i n  t h e  s t r i p .  
With l e s s  than t h r e e  rows, t he  c r i t e r i a  a r e  much more r e s t r i c t i v e .  It i s  pos-  
s i b l e  t o  ex tend  laminar flow by suc t ion  through p e r f o r a t i o n s  whose diameters  and 
p i t c h e s  exceed these  va lues  s l i g h t l y ,  b u t  on ly  with t h e  r i s k  t h a t  excess ive  suc-  
t i o n  q u a n t i t i e s  w i l l  produce wedges o f  t u r b u l e n t  boundary l a y e r  o r i g i n a t i n g  a t  
t h e  ho les .  

A uniform d i s t r i b u t i o n  of suc t ion  through t h e  ho l e s  was necessary.  This  
was s u c c e s s f u l l y  obtained by two methods, t h e  use o f  c e l l s  and t h r o t t l e  h o l e s ,  
and wi th  t ape red  ho le s .  I n  p a r t i c u l a r ,  t e s t s  were c a r r i e d  o u t  on some pane l s  
supp l i ed  by Handley Page, L td . ,  i n  which t h e  c e l l s  and tapered  ho le s  had been 
cons t ruc t ed  by commercial methods, and the  suc t ion  d i s t r i b u t i o n  proved 
s a t i s f a c t o r y .  

The r e s i s t a n c e  of  some of t h e  c e l l u l a r  arrangements was measured. I t  was 
found t h a t  when t h e  suc t ion  q u a n t i t i e s  were t h e  minimum requ i r ed  t o  maintain 
laminar  f low,  t h e  a d d i t i o n a l  l o s s e s  i n  t o t a l  head of  t h e  sucked a i r  due t o  t h e  
r e s i s t a n c e  o f  t he  t h r o t t l e  ho les  could be made small  compared wi th  t h e  l o s s  i n  
t o t a l  head o f  t h e  sucked boundary l a y e r .  
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298. Wuest, W . :  Experimental I n v e s t i g a t i o n  on Boundary Layer Suct ion by S e r i e s  
of S l i t s  and Holes. Be r i ch t  60-01, Aerodynamische Versuchsans ta l t  
( ~ g t t i n ~ e n ) ,  Feb. 19,  1960. 

The development o f  laminar  and t u r b u l e n t  boundary l a y e r s  w i th  p re s su re  
g r a d i e n t  on var ious  permeable t e s t  wa l l s  ( f i l t e r  paper ,  s l i t s ,  ho l e s ,  pe r fo ra -  
t i o n s )  has  been s tud i ed  i n  t he  low-turbulence wind-tunnel of  t h e  Aerodynamische 
Versuchsans ta l t .  The behaviour of  w a l l - s t r e s s ,  d i s s i p a t i o n  and t h e  d i f f e r e n t  
boundary l a y e r  parameters  is deduced from t h e  measurements. 
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299. Roberts ,  Sean C.  : An I n v e s t i g a t i o n  o f  Two Types o f  Hole D i s t r i b u t i o n s  f o r  
Laminar Boundary Layer Control  Systems. Res. Rep. No. 37 (Cont rac t  
NONR 978 (01) ) , Aerophys. Dep., Miss i ss ipp i  S t a t e  Univ. , Apr i l  2 ,  1962. 

The ha l f - s ca l e  model of t h e  NACA 4416 a i r f o i l  was f i x e d  t o  t he  f l o o r  of  
t he  tunne l  and an incidence changing mechanism incorpora ted .  



The fol lowing t e s t s  were completed on the  impervious a i r f o i l :  

( a )  Pressure  d i s t r i b u t i o n s  on the  upper and lower su r f aces  using t h e  
b e l t  technique. 

(b) Boundary l a y e r  v e l o c i t y  p r o f i l e s  a t  a  number of chordwise p o s i t i o n s .  

From t h e  r e s u l t s  of these  t e s t s ,  an inf low ve loc i ty  d i s t r i b u t i o n  was calcu-  
l a t e d  and appl ied  t o  t he  a i r f o i l  i n  two t e s t  s e c t i o n s ,  both of which were a t  t he  
same percentage chord and had the  same number of ho les  per  square inch  even 
through t h e  hole  d i s t r i b u t i o n s  were d i f f e r e n t ,  i . e . ,  an even d i s t r i b u t i o n  and 
s t r i p  d i s t r i b u t i o n .  The hole  s i z e  was 0.018" diameter  and the  d i s t r i b u t i o n  was 
80 holes / in2 .  
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300. Groth, E r i c  E.: Pressure Loss of  Low Density Boundary Layer A i r  Through 
Suct ion S l o t s  and Narrow Holes. Rep. No. NOR 66-260 (BLC-168) , Northrop 
Corp . , Ju ly  1966. 

Charts a r e  presented  f o r  t he  computation of t h e  pressure  l o s s  o f  t h e  bound- 
a ry  l a y e r  a i r  sucked through s l o t s  and holes  i n t o  a  suc t ion  chamber. They a r e  
based on the  s o l u t i o n  of the  compressible,  one-dimensional flow equat ions  with 
f r i c t i o n  and no h e a t  t r a n s f e r  through the  wa l l s .  The average inf low v e l o c i t y  
i n t o  t h e  s l o t  o r  hole  i s  subsonic.  Limit ing condi t ions  due t o  choking a r e  
included.  
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301. Meade, L. E. 'Roy ' : Mater ia l  Development f o r  Laminar Flow Control  Wing 
Panels .  Mater ia l s  and Processes  - In  Serv ice  Performance, Volume 9 of 
Nat ional  SAMPE Technical Conference S e r i e s ,  Soc . Advance. Mater . & 

Process  Eng., 1977, pp. 305-312. 

The absence of  s u i t a b l e  porous m a t e r i a l s  o r  techniques f o r  t he  economic 
p e r f o r a t i o n  of  su r f ace  ma te r i a l s  has prev ious ly  r e s t r i c t e d  t h e  design of laminar 
flow c o n t r o l  (LFC) wing panels  t o  a  cons idera t ion  of mechanically s l o t t e d  LFC 
su r faces .  A desc r ip t ion  is presented  of a  program which has been conducted t o  
e x p l o i t  r e c e n t  advances i n  ma te r i a l s  and manufacturing technology f o r  t he  f a b r i -  
ca t ion  of r e l i a b l e  porous o r  p e r f o r a t e d  LFC su r face  panels  compatible with t h e  
requirements of subsonic t r a n s p o r t  a i r c r a f t .  At ten t ion  i s  given t o  LFC design 
c r i t e r i a ,  su r f ace  ma te r i a l s ,  su r f  ace concepts ,  the  use of microporous composites, 
pe r fo ra t ed  composites, and pe r fo ra t ed  metal .  The descr ibed program was success-  



f u l  i n  t h a t  f a b r i c a t i o n  processes  were developed f o r  producing p r e d i c t a b l e  
pe r fo ra t ed  panels  both of composite and of metal .  

A v a i l a b i l i t y :  
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302. Jackson, Frances J. ; and Heckl, Manfred A. : E f f e c t  of  Localized Acoustic 
Exc i t a t i on  on the  S t a b i l i t y  of  a Laminar Boundary Layer. ARL 62-362, 
U.S, A i r  Force, June 1962. 

A s  p a r t  of a program t o  uncover t he  inf luence  of induced su r f ace  v i b r a t i o n s  
on t h e  s t a b i l i t y  of a shear  flow boundary l a y e r ,  i n v e s t i g a t i o n s  have been pe r -  
formed u t i l i z i n g  a l oca l i zed  su r f ace  source of acous t i c  energy t o  generate  d i s -  
turbances i n  a laminar boundary l a y e r  flow. Explorat ions have been c a r r i e d  o u t  
over a frequency range of from 50 t o  10,000 cps,  us ing  i n p u t  sound p re s su re  
l e v e l s  of up t o  145 db r e  0.0002 dynes/cm2. Resul t s  a r e  presented  which i n d i -  
ca t e  t h e  e f f e c t  of son ic  parameters (frequency, amplitude) on both t h e  mean and 
f l u c t u a t i n g  components of t he  boundary l a y e r  flow. Induced boundary l a y e r  
o s c i l l a t i o n s  a r e  discussed,  where app ropr i a t e ,  i n  terms of  t h e  s t a b i l i t y  theory  
of  Tollmien and Schl ich t ing .  S tud ie s  of  d i s t o r t i o n  of boundary l a y e r  o s c i l l a -  
t i o n s  a r e  descr ibed  and the  r o l e  of such d i s t o r t i o n  i n  producing t r a n s i t i o n  i s  
d iscussed .  Nonlinear secondary flows (streaming) generated by the  l o c a l i z e d  
source a r e  a l s o  t r e a t e d .  Explorat ion of t h e  inf luence  of  sonic  e x c i t a t i o n  on 
premature t r a n s i t i o n  produced both by inc reas ing  the  f r e e  s t ream turbulence 
l e v e l  and by use of a t r i p p i n g  wire a r e  descr ibed.  

Resul ts  i n d i c a t e  t h a t  l o c a l i z e d  e x c i t a t i o n  a f f e c t s  t h e  s t a b i l i t y  o f  t he  
laminar boundary l a y e r  i n  accordance with r e s u l t s  f i r s t  ob ta ined  by Schubauer 
and h i s  co-workers employing a d i f f e r e n t  experimental system. I n  the  case of  
the  t r i p p i n g  wire ,  r e s u l t s  i n d i c a t e  t h a t  e x c i t a t i o n  of  a c e r t a i n  frequency and 
amplitude can i n t e r a c t  with the  p e r i o d i c  vor tex  shedding i n  such a way a s  t o  
f o r e s t a l l  premature t r a n s i t i o n .  In  no case have l o c a l i z e d  s o n i c a l l y  induced 
flows (streaming) been found t o  inf luence  the  i n c i p i e n t  processes  which govern 
t r a n s i t i o n .  
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303. Shapiro,  Paul 9. : The Inf luence  of Sound Upon Laminar Boundary Layer 
I n s t a b i l i t y ,  Rep, No. 83458-83560-1 (Grant NSF Eng 75-17374 and Contract  
No. N00014-76-C-0396) , Acoust. & Vib. Lab. , Massachusetts I n s t .  Technol., 
Sept .  1977. (Avai lable  from DDC a s  AD A046 057.) 

This paper  p re sen t s  the r e s u l t s  of  an experimental i n v e s t i g a t i o n  i n t o  the  
e f f e c t s  of pure-tone acous t i c  e x c i t a t i o n  on Tollmien-Schlichting waves i n  a sub- 
son ic  Blas ius  boundary l a y e r .  Longitudinal growth r a t e s  were measured f o r  
n a t u r a l l y - e x i s t i n g  waves i n  a low-noise , low-turbulence wind tunne l ,  and f o r  
waves exc i t ed  by an e x t e r n a l l y  imposed sound f i e l d .  The r e s u l t s  were compared 
t o  numerical r e s u l t s  from t h e  s tandard  Orr-Sommerfeld equat ion .  The exc i t ed  
Tollmien-Schlichting waves matched the  theory well  i n  most r e s p e c t s ,  and it was 



concluded t h a t  t he  acous t i c  e x c i t a t i o n  merely generated a  l a r g e r  i n i t i a l  wave 
amplitude, ahead of Branch I of  the  n e u t r a l  s t a b i l i t y  curve .  For e x c i t a t i o n  
l e v e l s  l a r g e r  than the  r e s i d u a l  tunnel  d i s tu rbances ,  t h i s  i n i t i a l  amplitude was 
cons tan t  and equal  t o  the  d is turbance  v e l o c i t y  of  t h e  sound wave. The n a t u r a l l y -  
e x i s t i n g  waves showed growth r a t e s  sma l l e r  than theory p red ic t ed .  This  l eads  t o  
the  conclusion t h a t  n a t u r a l  waves a r e  n o t  i n i t i a l l y  two-dimensional. 

304. Mi l l e r ,  Gabr ie l ;  and C a l l e g a r i ,  Andrew: The E f f e c t s  of  Acoust ical  D i s -  
turbances on Boundary Layer T rans i t i on .  DAS #78/0 1 (Cont rac t  
N00014-76-C-0183), New York Univ., Jan.  2 5 ,  1978. (Avai lable  from 
DDC a s  AD A051 497.) 

The a n a l y s i s  of  t r a n s i t i o n  from laminar  t o  t u rbu len t  flow on a  f l a t  p l a t e  
has  been t h e  s u b j e c t  of numerous i n v e s t i g a t i o n s .  In  t he  p r e s e n t  work, emphasis 
has been p l aced  on e s t a b l i s h i n g  a  computational technique which can be u t i l i z e d  
t o  develop a  b a s i c  understanding of  t h e  e f f e c t s  of the  propagat ion of  a c o u s t i c  
waves i n t o  a  boundary l a y e r ,  and the  u l t ima te  e f f e c t  o f  such d is turbances  on 
t r a n s i t i o n .  The nonl inear  system of unsteady compressible p a r t i a l  d i f f e r e n t i a l  
equat ions  have been solved by a  MacCormack p red ic to r - co r rec to r  scheme which 
al lows t h e  e f f e c t  of imposed d is turbances  t o  be t racked  i n  time. The ques t ion  
of t he  mismatch i n  propagat ion v e l o c i t y  between Tollmein-Schl icht ing and acous- 
t i c  waves has  been s tud ied .  The program i n d i c a t e s  t h a t  while  d is turbances  a r e  
propagat ing  wi th  t h e  speed of sound i n  t h e  i n v i s c i d  flow, t h e  waves w e l l  w i th in  
the  boundary l a y e r  a r e  propagat ing a t  a  speed on the  o rde r  of  t he  f rees t ream 
v e l o c i t y  and thus  t h e  boundary l a y e r  i s  being e x c i t e d  by the  c l a s s i c a l  Tollmein- 
S c h l i c h t i n g  waves. The a n a l y s i s  thus  i n d i c a t e s  t h a t  t h e  e f f e c t  of a c o u s t i c a l  
d i s tu rbances  on t r a n s i t i o n  is  s i m i l a r  t o  t he  e f f e c t  of o t h e r  pe r tu rba t ions  a s  
experiments have ind ica t ed .  
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305. Mungur, Parma: On t h e  S e n s i t i v i t y  of Shear Layers t o  Sound. AIAA 
Paper 77-1369, Oct. 1977. 

This  paper  i s  concerned wi th  an ana lys i s  of  t h e  mechanisms by which sound 
genera tes  hydrodynamic d is turbances .  Two equat ions  a r e  der ived  from t h e  l i n e a r -  
i z e d  Navier-Stokes equat ion .  One governs the  sound f i e l d  and the  o t h e r  governs 
the  f l u c t u a t i n g  v o r t i c i t y  f i e l d .  The l a t t e r ,  when w r i t t e n  i n  t h e  form of an 
inhomogeneous Orr-Sommerfeld equat ion ,  r ep re sen t s  the  generat ion of f l u c t u a t i n g  
v o r t i c i t y  by a  sound f i e l d  and i t s  convected d i f f u s i o n  and ampl i f i ca t ion  o r  
decay by the  v iscous  boundary l a y e r .  The source term is  d iscussed  i n  d e t a i l .  
$be main r e s u l t s  a r e  compatible with observa t ions  and a r e  a s  fol lows.  Coupling 
occurs  only i n  t h e  boundary l a y e r .  The most s e n s i t i v e  region f o r  a c o u s t i c  



e x c i t a t i o n  of the  shear  l a y e r  of a j e t  i s  the  nozzle l i p ;  f o r  shear  l aye r s  on a 
f l a t  p l a t e  o r  an a i r f o i l ,  the s e n s i t i v e  'region i s  the  leading edge. The acous- 
t i c a l l y  induced v o r t i c i t y  source s t r eng th  i s  l i n e a r l y  propor t ional  t o  the acous- 
t i c  pressure  and i t s  de r iva t ive  t ransverse  t o  the  mean flow; i t  is a l s o  a func- 
t ion  of the  frequency and d i r e c t i v i t y  of the acoust ic  f i e l d .  
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306. Wetmore, J. W . ;  Zalovcik, J. A . ;  and P l a t t ,  Robert C. : A F l igh t  Inves t i -  
gat ion of the  Boundary-Layer Charac te r i s t i c s  and P r o f i l e  Drag of the  
NACA 35-215 Laminar-Flow A i r f o i l  a t  High Reynolds Numbers. NACA 
WR L-532, 1941. (Formerly NACA MR.) 

During the e a r l i e r  s t ages  of the NACA's work on the  development of laminar- 
flow a i r f o i l s  it was found t h a t  by s u i t a b l y  designing the p r o f i l e  of  an a i r f o i l  
a favorable o r  acce le ra t ing  pressure  gradient  could be maintained over a s  much 
as  80 percent  of the  chord back of  the  leading edge. Tests  of some of these a i r -  
f o i l s  i n  the  wind tunnels  and i n  f l i g h t  showed t h a t  within the  lower f l i g h t  
range of Reynolds numbers t h e  laminar boundary l aye r  extended as  f a r  back as  
80 percent  of the  chord from the  leading edge, with the  r e s u l t  t h a t  the  p r o f i l e  
drag was extremely low. 

In  the  higher Reynolds number ranges, say, above 20,000,000, it was 
expected t h a t  o the r  methods might be required t o  obta in  t h e  desired extensive 
laminar boundary l aye r s  and r e s u l t i n g  extremely low drags. The present  i n v e s t i -  
ga t ion  was undertaken with the  ob jec t  of inves t iga t ing  methods of prolonging the  
laminar flow a t  high Reynolds numbers and t o  give da ta  f o r  comparison with wind- 
tunnel da ta .  

The t e s t s  were made on a t e s t  panel of 17-foot chord mounted on the  l e f t  
wing of a Douglas B-18 a i rp lane  j u s t  outside of the  p r o p e l l e r  s l ipstream. 

Comparison of the  r e s u l t s  of the present  f l i g h t  t e s t s  on the 35-215 a i r f o i l  
s ec t ion  with da ta  obtained on general ly s imi la r  a i r f o i l s  i n  the  o r i g i n a l  NACA 
low-turbulence wind tunnel showed t h a t  i n  f l i g h t  the laminar boundary l a y e r  was 
maintained t o  values of RB considerably g rea te r  than the  h ighes t  values t h a t  
were a t t a i n e d  i n  the  tunnel .  This r e s u l t  indica ted  t h a t  even i n  tunnel  a i r  
streams of extremely low turbulence the  e f f e c t  of the  r e s idua l  turbulence might 
be appreciable,  and thereby demonstrated the  necess i ty  of continued f l i g h t  
research on a i r f o i l s  of l a rge  s c a l e  t o  supplement the  development work of the  
tunnels .  
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307. Zalovcik, John A.  ; and Skoog, Richard B . : F l i g h t  Inves t iga t ion  of Boundary - 
Layer Trans i t ion  and P r o f i l e  Drag of an Experimental Low-Drag Wing 
I n s t a l l e d  on a Fighter-Type Airplane. NACA WR L-94, 1945. (Formerly 
NACA ACR L5C08a. ) 



The experimental  low-drag wing was i n s t a l l e d  on a P-47 a i r p l a n e  des igna ted  
t h e  XP-47F. This  wing incorpora tes  a i r f o i l  s e c t i o n s  t h a t  vary from an 
NACA 6 6 ( 2 1 5 ) - l ( 1 6 . 5 ) ,  a  = 1.0 a t  t he  p lane  of symmetry t o  an NACA 67(115)-213, 
a = 0.7 a t  t he  t i p .  The i n v e s t i g a t i o n  was l i m i t e d  t o  t h e  s tudy  o f  boundary- 
l a y e r  t r a n s i t i o n  and p r o f i l e  drag of s e c t i o n s  of t h e  wing with the  s u r f a c e s  i n  
the  o r i g i n a l  wavy condi t ion  and a l s o  wi th  t h e  su r f aces  r e f i n i s h e d  t o  reduce t h e  
waviness t o  t o l e r a b l e  limits. Measurements were made a t  a  s e c t i o n  ou t s ide  the  
p r o p e l l e r  s l i p s t r e a m  with smooth and wi th  s tandard  camouflage s u r f a c e s  and on 
the  upper su r f ace  of a  s e c t i o n  i n  t he  p r o p e l l e r  s l i p s t r e a m  with the. su r f ace  
smoothed. 

Tes t s  were made i n  normal f l i g h t  - t h a t  i s ,  i n  l e v e l  f l i g h t  and i n  shal low 
d ives  - a t  i n d i c a t e d  a i r speeds  ranging from about 150 t o  300 miles  p e r  hour and 
i n  s teady  t u r n s  a t  300 miles  p e r  hour wi th  normal a c c e l e r a t i o n s  from 2g t o  4g. 
These speed and acce l e ra t ion  l i m i t s  were imposed by s t r u c t u r a l  cons idera t ions .  
The t e s t s  i n  normal f l i g h t  covered a  range of s ec t ion  l i f t  c o e f f i c i e n t  from 
about  0.58 t o  0.15,  of  Reynolds number from about  9  x 106 t o  18 x lo6 ,  and of 
Mach number from about  0.27 t o  0.53. I n  t h e  t e s t s  i n  t u r n s  of 300 mi les  p e r  
hour,  t h e  range of  s e c t i o n  l i f t  c o e f f i c i e n t  was extended t o  0.63. 
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308. Hood, Manley J.; and Gaydos, M. Edward: E f f e c t s  of  P r o p e l l e r s  and of 
Vibrat ion on the  Extent  of  Laminar Flow on the  N.A.C.A. 27-212 A i r f o i l .  
NACA WR L-784, 1949. 

The e f f e c t s  o f  p r o p e l l e r s  and o f  v i b r a t i o n  on the  e x t e n t  of laminar  flow on 
the  N.A.C.A. 27-212 a i r f o i l  were i n v e s t i g a t e d  i n  t he  N.A.C.A. 8-foot  high-speed 
tunnel  by t e s t i n g  t h e  a i r f o i l  i n  conjunct ion with a  t r a c t o r  and a  pusher  pro- 
p e l l e r  and w i t h  a  mechanical v i b r a t o r .  The Reynolds numbers of  t h e  inves t iga -  
t i o n  ranged from 3,500,000 t o  7,600,000 f o r  t h e  p r o p e l l e r  t e s t s  and t o  
10,300,000 f o r  t h e  v i b r a t i o n  t e s t s .  

The r e s u l t s  show t h a t  n e i t h e r  t he  pusher p r o p e l l e r  nor  v i b r a t i o n  w i t h  
amplitudes up t o  0.094 inch  and w i t h  a  frequency of  1,650 cyc le s  p e r  minute had 
any consequent ia l  e f f e c t  on t h e  e x t e n t  of laminar flow b u t  t h a t  t h e  t r a c t o r  pro- 
p e l l e r  had a  very pronounced e f f e c t .  The t r a c t o r  p r o p e l l e r  caused t r a n s i t i o n  t o  
move from approximately midchord t o  a  p o s i t i o n  near  the  leading  edge; t h e  
accompanying inc rease  i n  drag  probably exceeded 100 percent  f o r  t h e  N.A.C.A. 
27-212 a i r f o i l .  The corresponding drag  inc rease  f o r  t he  N.A.C.A.  0012 a i r f o i l  
would be approximately 25 pe rcen t  because t h i s  a i r f o i l  normally has  a  l e s s  
ex tens ive  laminar boundary l a y e r .  
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309. Garr ick ,  I .  E . ;  and Watkins, Charles  E , :  A Theore t i ca l  Study of  t he  
E f f e c t  of Forward Speed on the Free-Space Sound-Pressure F i e ld  Around 
P rope l l e r s .  NACA Rep. 1198, 1954. (Supersedes NACA T N  3018.) 

The sound-pressure f i e l d  of a r o t a t i n g  p r o p e l l e r  i n  forward f l i g h t  i n  f r e e  
space i s  analyzed by r ep lac ing  t h e  normal-pressure d i s t r i b u t i o n  over the  pro- 
p e l l e r  a s soc i a t ed  wi th  t h r u s t  and torque by a d i s t r i b u t i o n  of  a c o u s t i c  p re s su re  
double ts  a c t i n g  a t  t h e  p r o p e l l e r  d i sk  and s u b j e c t  t o  uniform r e c t i l i n e a r  motion. 
The b a s i c  element used t o  synthes ize  t h e  f i e l d  i s  t h e  p re s su re  f i e l d  of a con- 
c e n t r a t e d  force  moving uniformly a t  subsonic speeds,  f o r  which an expression 
gene ra l i z ing  one of  L a m b ' s  f o r  t he  f i x e d  concentrated force  i s  given.  This 
r e s u l t  is  presented  both f o r  t he  moving and f o r  t h e  f ixed  observer .  The 
s t r e n g t h  of the double t  d i s t r i b u t i o n  is  r e l a t e d  t o  t h e  t h r u s t  and torque d i s -  
t r i b u t i o n  and t o  i t s  var ious  Four ie r  c o e f f i c i e n t s  i n  a convenient way. The 
sound f i e l d  i s  expressed by i n t e g r a t i o n  over t he  p r o p e l l e r  d i s k ,  and a l s o  by 
i n t e g r a t i o n  over an e f f e c t i v e  r i n g ,  and i s  given both f o r  t h e  near  p re s su re  
f i e l d  and, i n  a s impler  form, f o r  the  f a r  f i e l d .  Known r e s u l t s  f o r  t h e  zero- 
forward-speed case p r e s e n t  themselves i n  t he  s p e c i a l  case of Mach number M = 0.  
Some i l l u s t r a t i v e  examples a r e  ca l cu la t ed  and d iscussed .  
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310. Regier,  Arthur A .  : Chapter on P rope l l e r  Noise. Agardograph on A i r c r a f t  
Noise, G. M. L i l l e y ,  ed . ,  [1961]. 

I t  i s  be l ieved  t h a t  a d i scuss ion  of p r o p e l l e r  no i se  i s  warranted t o  f i l l  i n  
var ious  gaps, and t o  round o u t  t he  c u r r e n t  p i c t u r e  wi th  r e s p e c t  t o  p r o p e l l e r  and 
r o t o r  app l i ca t ions .  The methods of t r e a t i n g  t h e  noise  of p r o p e l l e r s  have app l i -  
ca t ion  a l s o  t o  f ans  and r o t o r s  of var ious  kinds whether they be used i n  fan  o r  
by-pass engines o r  f o r  h e l i c o p t e r s  o r  l i f t i n g  devices  on v e r t i c a l  o r  s h o r t  take-  
o f f  a i r c r a f t .  I n  view of s eve ra l  comprehensive genera l  survey papers ,  t h e  
p r e s e n t  d i scuss ion  w i l l  only b r i e f l y  review the  s tandard  p r o p e l l e r  no i se  l i t e r a -  
t u r e  and at tempt  t o  b r i n g  it up t o  da te  by adding r e fe rences  t o  r ecen t  work which 
has d e a l t  mainly with f l i g h t  no i se  t e s t s  and synchrophasing. 

Author 
A v a i l a b i l i t y :  

N79-70672 
N-95944 

311. Marte, Jack E .  ; and Kurtz,  Donald W. : A Review of Aerodynamic Noise From 
Prope l l e r s ,  Rotors,  and L i f t  Fans. Tech. Rep. 32-1462 (Contract  No. 
NAS 7-100) , J e t  Propul .  Lab. , Cal i fo rn i a  I n s t .  Technol. , Jan. 1, 1970. 
(Also a v a i l a b l e  a s  NASA CR-107568. ) 

Hand-calculation procedures  f o r  p r e d i c t i n g  aerodynamic noise  from pro- 
p e l l e r s ,  r o t o r s  and l i f t  f ans  u se fu l  a s  f i r s t  engineer ing  approximations have 
been assembled from the  l i t e r a t u r e .  Considefable in t roductory  ma te r i a l  and a 



g los sa ry  of  terms has  been includ-ed t o  make the  p r e d i c t i o n  procedures more 
meaningful. Current  l i t e r a t u r e  has been reviewed and a  comprehensive b i b l i o g -  
raphy on V/STOL a i r c r a f t  no ise  i s  presented .  
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312. Morfey, C. L.: Rotat ing Blades and Aerodynamic Sound. J. Sound & Vib.,  
vo l .  28, no. 3 ,  June 8 ,  1973, pp. 587-617, 

The h i s t o r y  of research  on r o t a t i n g  blade noise  i s  reviewed, from e a r l y  
s t u d i e s  o f  p r o p e l l e r  r a d i a t i o n  t o  c u r r e n t  work on a i r c r a f t - eng ine  fans .  The 
survey i s  s e l e c t i v e ,  with emphasis on fundamental a spec t s  of aerodynamic sound 
genera t ion  by b l ades .  The t o p i c s  covered inc lude  the  fol lowing:  e a r l y  research  
on p r o p e l l e r  no i se ,  unsteady a i r f o i l  t heo ry ,  acous t i c  r a d i a t i o n  and cu t -o f f ,  
aerodynamic sound genera t ion ,  s c a t t e r i n g  by a i r f o i l s  a t  a r b i t r a r y  chord/ 
wavelength r a t i o s ,  boundary l a y e r  and vor tex  shedding no i se  from a i r f o i l s ,  
broadband noise  due t o  i n c i d e n t  tu rbulence ,  high-order r o t a t i o n a l  no ise  from 
i s o l a t e d  r o t o r s ,  ro tor / t ip -vor tex  i n t e r a c t i o n ,  i n t e r a c t i o n  between moving blade 
rows, sound t ransmission through blade rows, the  ins tan taneous  Kutta  condi t ion ,  
supersonic  r o t o r  no i se ,  in-duct  measurement techniques,  and c e n t r i f u g a l  flow 
machines. 
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313. Pfenninger ,  W . ;  Groth, E ,  E . ;  Carmichael, B .  H . ;  and Whites, R. C . :  Low 
Drag Boundary Layer Suct ion Experiments i n  F l i g h t  on the  Wing Glove of a  
F94-A Airplane.  Phase I - Suction Through Twelve S l o t s ,  Rep. N o .  
NAI-55-458, Rep. No. BLC-77, Northrop A i r c r a f t ,  Inc.  , Apr. 1955. 
(Avai lable  from DDC a s  AD 79 3 4 2 ( b ) . )  (Also a v a i l a b l e  i n  Summary of 
Boundary Layer Control  Research, WADC Tech. Rep. 56-111, U. S . A i r  Force, 
Apr. 1957, pp. 59-79. (Avai lable  from DDC a s  AD 130 759 . ) )  

This  r e p o r t  desc r ibes  t h e  f i r s t  phase of a  f l i g h t  program dea l ing  wi th  t h e  
a p p l i c a t i o n  of boundary l a y e r  c o n t r o l  t o  an a i r f o i l  f o r  t h e  purpose of ob ta in ing  
low d rag  c o e f f i c i e n t s .  A 13%-thick cambered glove sec t ion  ( s i m i l a r  t o  
NACA 65-213) was mounted on t h e  wing of  an F94-A a i r p l a n e  and suc t ion  was 
app l i ed  through twelve s l o t s  l oca t ed  between 41.5% c and 94% c .  

Low drag c o e f f i c i e n t s  and laminas flow extending t o  t he  t r a i l i n g  edge of 
the  glove were obta ined  a t  wing chord Reynolds numbers between 12x106 and 
3 0 . 5 ~ 1 0 ~ .  The optimum t e s t  p o i n t  gave, f o r  t h e  upper su r f ace  of t he  glove,  a  
t o t a l  drag c o e f f i c i e n t  of .00051O a t  a  Reynolds number of 2 5 . 6 4 ~ 1 0 ~  and an over- 
a l l  suc t ion  weight flow c o e f f i c i e n t  of .000344. The equ iva l en t  d rag  due t o  the  
s u c t i o n  power is  included i n  t h i s  drag  c o e f f i c i e n t .  The t e s t s  were remarkable 
f o r  a nea r ly  complete absence of d i f f i c u l t i e s  i n  maintaining laminar  flow i n  
f l i g h t  and thus  proved t h e  a p p l i c a b i l i t y  of  low drag  boundary l a y e r  con t ro l  on 
high subsonic-speed a i r c r a f t  a t  s u b c r i t i c a l  Mach numbers, 



The appendices g ive  d e t a i l e d  d e s c r i p t i o n s  o f  t he  design of  the  glove,  t h e  
i n s t rumen ta t i on ,  and t h e  compressor-turbine system. 
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314. Groth, E .  E . ;  Carmichael, B .  H . ;  Whites, Roy C . ;  and Pfenninger ,  W . :  Low 
Drag Boundary Layer Suct ion Experiments i n  F l i g h t  on t he  Wing Glove o f  a  
F94-A Airplane - Phase 11: Suct ion Through 69 S l o t s .  NAI-57-318, 
BLC-94 (Cont rac t  AF-33 (616) -3168) , Northrop A i r c r a f t ,  I nc .  , Feb. 1957. 
(Also a v a i l a b l e  i n  Summary of  Laminar Boundary Layer Control  Research, 

WADC Tech. Rep. 56-111, U.S. A i r  Force,  Apr. 1957, pp. 80-113. 
(Avai lable  from DDC a s  AD 130 759. ) ) 

The low d rag  f l i g h t  experiments on t h e  F94-A a i r p l a n e  wi th  a  13%-thick wing 
glove equipped with boundary l a y e r  suc t ion  which had produced f u l l  laminar  flow 
and low drag  c o e f f i c i e n t s  wi th  a  12-s lo t  suc t ion  system, were continued by 
applying s u c t i o n  through a  pane l  of  69 s l o t s .  The approach t o  continuous suc-  
t i o n  r e s u l t e d  i n  an i n c r e a s e  o f  t h e  maximum chord Reynolds number wi th  f u l l  lami- 
n a r  flow t o  36 .34~106 with a  t o t a l  d rag  c o e f f i c i e n t  o f  4 . 8 2 ~ 1 0 - ~  and a  t o t a l  
suc t ion  weight flow c o e f f i c i e n t  o f  2 . 9 1 ~ 1 0 - ~ .  Laminar flow could be produced 
and maintained i n  f l i g h t  a s  e a s i l y  a s  w i th  t h e  12-s lo t  conf igura t ion .  The des ign  
of  such a  mu l t i p l e  s l o t  pane l  i s  app l i cab l e  t o  an a c t u a l  a i r p l a n e  wing. 
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315. Rooney, T. R . ;  Carmichael, R. F.; and Eldred ,  K. M. :  I n v e s t i g a t i o n  o f  
Noise With Respect t o  t he  LFC, NB-66 A i r c r a f t .  NOR-61-10 (Cont rac t  
AF 33 (600) -42052) , Northrop Corp . , Apr . 1961. 

This r e p o r t  d i s c u s s e s  t he  e x t e r n a l  a c o u s t i c  d i s turbances  which a r e  a n t i c i -  
pa ted  t o  be of importance t o  t h e  maintenance of  laminar  flow on an LFC f l i g h t  
veh i c l e .  An e v a l u a t i o n  o f  t h e  boundary l a y e r  s t a b i l i t y  c h a r a c t e r i s t i c s  o f  
experimental  laminar  suc t ion  su r f aces  i n  t he  presence o f  high i n t e n s i t y  sound 
f i e l d s  has  i n d i c a t e d  a  b a s i c  r e l a t i o n s h i p  between t h e  r a t i o  o f  d i s turbance  veloc-  
i t y  t o  f r ee s t r eam v e l o c i t y  (AU/U,) and t h e  t r a n s i t i o n  length  Reynolds' number. 
These d a t a  have been u t i l i s e d  t o  e s t a b l i s h  a c o u s t i c  s e n s i t i v i t y  des ign  c r i t e r i a  



f o r  p r e d i c t i n g  al lowable no i se  l e v e l s  over  a laminar suc t ion  su r f ace  wi th  b a s i c  
s u c t i o n  d i s t r i b u t i o n  ( d i s t r i b u t i o n  r e s u l t i n g  i n  minimum d r a g ) .  

The formulat ion of  a procedure f o r  e s t ima t ing  ovexa l l  sound p re s su re  l e v e l s  
r a d i a t e d  from t u r b u l e n t  boundary l a y e r s  has  been presen ted  i n  d e t a i l .  

The p red i c t ed  r a d i a t e d  boundary l a y e r  no ise  f o r  t h e  NB-66 a i r c r a f t  shows 
t h a t  t he  fuse lage  i s  t h e  dominant no i se  source.  However, t h e  p r e d i c t i o n s  of 
measured i n - f l i g h t  no i se  (on the  F-94 and RB-66) showed t h a t ,  f o r  p a r t i c u l a r  
l o c a t i o n s ,  o t h e r  sources  dominated. Hence, t h e r e  a r e  no d a t a  which v a l i d a t e  
t he  p r e d i c t i o n  of no i se  from a l ong  fuse lage .  

Es t imates  o f  t h e  a c o u s t i c  environment over  t he  LFC wing have been made 
throughout  t h e  f l i g h t  demonstration envelope of t h e  NB-66. 

There remains one no i se  source t h a t  has  n o t  been eva lua t ed  i n  t h i s  r e p o r t ,  
t h e  s u c t i o n  compressor system. Operat ing parameters o f  t h e  system have n o t  been 
s u f f i c i e n t l y  s p e c i f i e d  a t  t h i s  t i m e  t o  ma$e an e s t ima te  of  t h e  r a d i a t e d  no i se  
from t h i s  source.  

Inc ludes  appendices: 

APPENDIX A - In-Fl igh t  Noise Measurements on an RB-66 Tes t  Airplane 
Equipped With General E l e c t r i c ,  CJ-805-23 Af t  Fan Engines 

APPENDIX B - Noise Reduction Methods 
Author 
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316. Rooney, T. R. ;  Carmichael, R. F . ;  and Benner, R. C . :  Environmental 
Vibroacoust ics  f o r  t h e  Laminar Flow Control  Demonstration A i r c r a f t .  
NOR-61-115 (Cont rac t  AF 33 (600) -42052) , Northrop Corp., Ju ly  1961. 

This  i s  an i n v e s t i g a t i o n  of  t he  ' acous t ic  and v i b r a t i o n  environments of  t h e  
NB-66 a i r c r a f t  wi th  regard  t o  p o s s i b l e  son ic  f a t i g u e  damage t o  t h e  a i r c r a f t  
s t r u c t u r e .  S a t i s f a c t o r y  equipment v i b r a t i o n  t e s t  s p e c i f i c a t i o n s  a r e  formulated. 
I n  a d d i t i o n ,  t h i s  r e p o r t  e s t a b l i s h e s  t h e  procedure f o r  s t a t i c  ground measure- 
ments of  the  a c o u s t i c  environment on t h e  a i r c r a f t .  This  t e s t  i s  r equ i r ed  t o  
s u b s t a n t i a t e  the  p r e d i c t e d  a c o u s t i c  i n t e n s i t i e s  i n  c r i t i c a l  reg ions  o f  t h e  a i r -  
c r a f t  du r ing  ground ope ra t i on  and t o  provide b a s i c  d a t a  necessary  f o r  accu ra t e  
p r e d i c t i o n  of t he  no ise  environment i n  f l i g h t .  

A v a i l a b i l i t y :  
NOR-61-115 



317. Pfenninger ,  W .  : Summary Report About t h e  I n v e s t i g a t i o n  of a 10 f t .  Chord 
33O Swept Low Drag Suct ion Wing a t  High Reynolds Numbers. Northrop 
paper  presen ted  t o  A i r  Force Advisory Group, Oct.  14,  1965. 

Low drag  suc t ion  experiments were conducted i n  p re s su re  t unne l s  on a 33O 
swept 10 f t  chord low drag  suc t ion  wing model. These experiments v e r i f i e d  
ex tens ive  laminar  flow up t o  wing chord Reynolds numbers Rc = 48 x lo6.  A t  

R, = 44.8 x l o 6  90% laminar flow was maintained,  corresponding t o  a t r a n s i t i o n  
length  Reynolds number o f  40.3 x l o 6 .  The minimum equ iva l en t  wing p r o f i l e  d r ag  
c o e f f i c i e n t  f o r  t h e  t e s t  su r f ace  was 0.00088 a t  Rc = 29.4 x lo6 ( i nc lud ing  
the  equ iva l en t  s u c t i o n  d r a g ) ;  it increased  t o  ~ 0 . 0 0 1 1  a t  Rc 43 x lo6.  
Observed d i s tu rbances  a r e  d i scussed ,  and p o s s i b l e  co r r ec t i on  s t e p s  a r e  inc luded .  
Besides t he  o rd ina ry  measurements on low d rag  suc t ion  su r f aces ,  t h e  fo l lowing  
observa t ions  and measurements were conducted: flow observa t ions  a t  t h e  down- 
s t ream end o f  t h e  f r o n t  wing attachment l i n e ,  measurement o f  t h e  sound p r e s s u r e s  
a long t h e  s u c t i o n  duc t s  i n  t h e  presence of i n t e r n a l  no i se ,  t r a n s i t i o n  observa- 
t i o n s  i n  t h e  presence o f  no i se ,  chordwise u '  boundary l a y e r  v e l o c i t y  f l u c t u a t i o n  
measurements, and e x t e r n a l  tunne l  no i se  measurements. 

A v a i l a b i l i t y  : 
N66-12749 

318. Carlson, J. C . ;  and Bacon, J. W . ,  Jr.: In f luence  of  Acous t ica l  Disturbances 
i n  t h e  Suct ion Ducting System on t h e  Laminar Flow Control C h a r a c t e r i s t i c s  
of a 33O Swept Suct ion Wing. NOR-65-232, Northrop Corp., Aug. 1965. 

A v a i l a b i l i t y  : 
X6?-82152 
CN-120,2 14 
NOR-65 -2 32 

319. Franco, B .  G . :  Data Report of a High Reynolds Number Wind Tunnel Tes t  o f  
an Acous t ica l ly  Instrumented Laminar Flow Control  33O Swept Suc t ion  Wing 
Conducted a t  t he  Ames Research Center  12 '  Pressure  Tunnel - August 1965. 
NOR-65-312, Northrop Corp.,  [1965]. 

An a c o u s t i c a l l y  instrumented 33O swept non-tapered 15% unsymmetrical low- 
drag laminar suc t ion  wing of  a modified NACA 64-016 a i r f o i l  was t e s t e d  i n  t h e  
Ames Research Center 12 '  Low Turbulence Pressure  Tunnel from 4 Aug. t o  30 Sep t . ,  
1965. 

The purposes  of t h e  t e s t  were: (1) To achieve laminar flow on t h e  wing 
t o  a h igher  u n i t  Reynolds number than was p o s s i b l e  a t  t h e  Northrop Nora i r  
7 x 10 f t .  wind tunne l .  (2)  I n v e s t i g a t e  t h e  i n f luence  of a c o u s t i c a l  d i s t u r -  
bances i n  t h e  suc t ion  d u c t  system on t h e  wing laminar-flow c h a r a c t e r i s t i c s  a t  
the h igher  u n i t  RN. 



This r e p o r t  p r e s e n t s  t abu la t ed  d a t a  and/or p l o t t e d  d a t a  on the  following: 

( a )  Wind tunnel  o p e r a t i n g  condi t ions ,  
(b) Laminar f  bow c o n t r o l  c o e f f i c i e n t s .  
(c )  Wing p re s su re  d i s t r i b u t i o n .  
(d)  Sound p re s su re  l e v e l s  (db) i n t e r n a l  and e x t e r n a l  t o  t he  wing. 

Author 
A v a i l a b i l i t y :  

NOR-65 -312 

320. Bacon, John W . ,  Jr.; Pfenninger ,  W . ;  and Moore, C. Roger: Inf luence  of  
Acoust ical  Disturbances on t h e  Behavior o f  a  Swept Laminar Suct ion Wing. 
Rep. No. NOR-62-124 (BLC-141) , Northrop Corp. , Oct. 1962. 

A 30° swept, 12%-thick symmetrical laminar  suc t ion  wing of  modified 
NACA 66-012 s e c t i o n  was i n v e s t i g a t e d  i n  t he  Norair 7- by 10-foot low turbulence 
wind tunnel  a t  a = O0 angle  of  a t t a c k  i n  t he  presence of e x t e r n a l  sound ( longi -  
t u d i n a l  and t r ansve r se  sound waves) of  d i s c r e t e  f requencies  a s  we l l  a s  with a  
continuous spectrum of  d i f f e r e n t  frequency bands. Externa l  sound usua l ly  caused 
t r a n s i t i o n  i n  t he  reg ion  o f  t h e  f l a t  p re s su re  d i s t r i b u t i o n .  The c r i t i c a l  sound 
p re s su re  a t  t r a n s i t i o n  could be increased  considerably by inc reas ing  t h e  suc t ion  
q u a n t i t i e s  e i t h e r  a s  a  whole over  t he  e n t i r e  wing chord o r  l o c a l l y  i n  t h e  c r i t i -  
c a l  a r e a  of  t h e  f l a t  p re s su re  d i s t r i b u t i o n  where t r a n s i t i o n  otherwise occurred. 
From t h e  s tandpoin t  of  t o t a l  suc t ion  q u a n t i t y  and drag ,  it was much more econom- 
i c a l  t o  i nc rease  s u c t i o n  l o c a l l y  i n  t he  region of t h e  f l a t  p re s su re  d i s t r i b u t i o n .  

I n  the  presence o f  e x t e r n a l  sound t r a n s i t i o n  occurred on the  swept laminar  
s u c t i o n  wing over  a  wide range of f requencies .  The v a r i a t i o n  of t he  c r i t i c a l  
sound p re s su re  f o r  t r a n s i t i o n  with frequency was r e l a t i v e l y  small .  I n  t h e  p re s -  
ence of open su r f ace  c a v i t i e s  such a s  nonsucking open s l o t s ,  s t a t i c  p re s su re  
o r i f i c e s ,  o r  imper fec t ly  s e a l e d  s l o t s  t he  c r i t i c a l  sound p re s su re  a t  t r a n s i t i o n  
was reduced cons iderably ,  p a r t i c u l a r l y  a t  h igher  sound f requencies  which cor re-  
l a t e d  with those f o r  ampl i f ied  Tollmien-Schlichting o s c i l l a t i o n s  of t h e  chord- 
wise boundary l a y e r  i n  t h e  f r o n t  p a r t  of t he  wing i n  t h e  reg ion  of t he  open 
s u r f a c e  cav i ty .  

For t he  smooth wing t h e  c r i t i c a l  sound p a r t i c l e  v e l o c i t y  r a t i o  a t  t r a n s i -  
t i o n  gene ra l ly  decreased a t  a  somewhat slower r a t e  than inve r se ly  p ropor t iona l  
t o  t h e  wing chord Reynolds number. I n  t he  presence o f  open su r f ace  c a v i t i e s ,  
however, o r  wi th  marginal s u c t i o n  the  c r i t i c a l  sound p a r t i c l e  v e l o c i t y  r a t i o  f o r  
t r a n s i t i o n  o f t e n  decreased a t  a  much f a s t e r  r a t e  wi th  i n c r e a s i n g  Reynolds number. 

Naphthalene subl imation p i c t u r e s  with e x t e r n a l  sound showed t h a t  t r a n s i t i o n  
i n  t h e  region of t h e  f l a t  p re s su re  d i s t r i b u t i o n  was usua l ly  preceded by the  
formation of c l o s e l y  spaced chordwise s t r i a t i o n s ,  i n d i c a t i n g  the  presence o f  
chordwise d is turbance  v o r t i c e s  i n  t h e  presence of  e x t e r n a l  sound. The formation 
of t hese  v o r t i c e s  can probably be explained by t h e  f a c t  t h a t  t he  e x t e r n a l  d i s -  
turbances superimposed on the  crossf low boundary l a y e r  i n  t h e  presence of  e x t e r -  
n a l  sound a r e  of such a  l a r g e  magnitude ( a s  compared wi th  t h e  mean crossf low 



v e l o c i t y )  t h a t  t he  s t a b i l i t y  l i m i t  Reynolds number of  t he  boundary l a y e r  c ross -  
flow i n  the  a r ea  of  the  f l a t  p ressure  d i s t r i b u t i o n  is reduced t o  considerably 
lower va lues ,  a s  compared with the  case of i n f i n i t e l y  small  e x t e r n a l  d i s t u r -  
bances.  Hot wire measurements v e r i f i e d  ampl i f ied  boundary l a y e r  o s c i l l a t i o n s  i n  
the  region of  t h e  f l a t  p ressure  d i s t r i b u t i o n  which appear s u f f i c i e n t l y  s t r o n g  
t o  apprec iab ly  reduce t h e  crossf low s t a b i l i t y  l i m i t  Reynolds number i n  t h e  
presence of s t rong  e x t e r n a l  sound f i e l d s .  

A v a i l a b i l i t y :  
N79-70031 
CN-120,213 
NOR-62 -124 (BLC-14 1) 

321. Carmichael, R. F. ; and Pe lke ,  D. E. : In-Fl ight  Noise Measurements Per- 
formed on the  X-21A Laminar Flow A i r c r a f t .  NOR-64-81 (Cont rac t  
AF33 (600) -42052) , Northrop Corp., Apr . 1964. (Avai lable  from DDC 
a s  AD 439 351.) 

Sound p r e s s u r e  l e v e l s  measured i n  f l i g h t  by s i x  microphones pos i t i oned  
around the  le f t -hand  wing of t he  X-21A laminar  flow a i r c r a f t  a r e  presented .  
These measurements de f ine  the  noise  l e v e l s  e x i s t i n g  a t  t he  wing s u r f a c e  f o r  t h e  
Mach number ranges of t h e  a i r c r a f t  a t  t h r e e  widely separated a l t i t u d e s  and four  
engine t h r o t t l e  s e t t i n g s .  Most of t he  no i se  sources  a r e  i d e n t i f i e d ,  and t h e i r  
l e v e l s  compare favorably with previous ly  developed p red ic t ion  methods. I t  is 
noted,  however, t h a t  n o t  a l l  predominating no i se  sources a r e  included i n  t he  
p r e d i c t i o n  methods, s p e c i f i c a l l y ,  engine screech ,  and one noise  of  undetermined 
o r i g i n .  Also, engine no i se s  a r e  masked a t  h ighe r  Mach numbers by r a d i a t e d  
tu rbu len t  boundary-layer no i se ,  which has  t h e  p r o p e r t i e s  of  no i se  generated by a 
quadrupole mechanism. I n  regard t o  t he  e f f e c t s  of  no ise  on t h e  maintenance o f  
laminar flow, it i s  noted t h a t  no ise  s p e c t r a  possess ing  in t ense ,  r e l a t i v e l y  
narrow band s p i k e s  could be more de t r imen ta l  than f l a t  s p e c t r a  wi th  h ighe r  over- 
a l l  l e v e l s .  

Author 
A v a i l a b i l i t y  : 

N64-25697 
NOR-64 -81 
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322. Bacon, J. W . ,  Jr. ; Pfenninger ,  W .  ; and Moore, C. R. : I n v e s t i g a t i o n s  o f  a 
30° Swept and a 17-Foot Chord S t r a i g h t  Suct ion  Wing i n  t he  Presence o f  
I n t e r n a l  Sound, Externa l  Sound, and Mechanical Vibrat ions.  Summary o f  
Laminar Boundary Layer Control  Research - Volume I ,  ASD-TDR-63-554, 
U.S. A i r  Force, Mar. 1964. (Avai lable  from DDC a s  AD 605 185.) 

A 4-percent-thick s t r a i g h t  laminar suc t ion  wing of  17-foot chord and a 30° 
swept, 12-percent-thick laminar suc t ion  wing of  seven-foot chord were i n v e s t i -  
gated i n  t h e  Norair  7- by 10-foot low turbulence wind tunnel  a t  a = o0 angle  
of a t t a c k  i n  t he  presence of e x t e r n a l  sound ( long i tud ina l  and t r a n s v e r s e  sound 
waves). The 4-percent-thick s t r a i g h t  wing was t e s t e d ,  i n  add i t i on ,  wi th  i n t e r -  
n a l  sound and pane l  v i b r a t i o n .  The e x t e r n a l  and i n t e r n a l  sound cons i s t ed  of 



d i s c r e t e  f requenc ies  and oc tave  bands of random no i se  i n  t h e  150 t o  4000 cps.  
The s t r a i g h t  wing showed a frequency dependence o f  t r a n s i t i o n  w i t h  e x t e r n a l  
sound t h a t  c o r r e l a t e s  wi th  t h e  s t a b i l i t y  theory  f o r  ampl i f ied  Tollmien- 
S c h l i c h t i n g  o s c i l l a t i o n s .  On the  swept laminar  s u c t i o n  wing under t h e  i n f l u -  
ence of  e x t e r n a l  sound, however, t r a n s i t i o n  occur red  over  a wide range of  f r e -  
quencies .  For t h e  swept wing i n  smooth cond i t i on  t h e  c r i t i c a l  sound p a r t i c l e  
v e l o c i t y  r a t i o  a t  t r a n s i t i o n  gene ra l l y  decreased a t  a somewhat slower r a t e  than  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  wing chord Reynolds number. 

Author 
A v a i l a b i l i t y :  

N65-25557 
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323. Carlson,  J. C. : Low Drag Boundary Layer Suc t ion  Experiments Using a 33O 
Swept 15% Thick Laminar Suc t ion  Wing With Suc t ion  S l o t s  Normal t o  t h e  
Leading Edge. NOR-64-281, Northrop Corp., Nov. 1964. (Avai lab le  from 
DDC a s  AD 482 068.) 

A v a i l a b i l i t y :  
X66-84941 
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324. Lyamshev, L. M.: Est imat ion  of  t h e  Acoust ic  Radiat ion i n  S l o t t e d  Boundary- 
Layer Suc t ion .  Sov. Phys.-Acoust., vo l .  16,  no. 1, July-Sept.  1970, 
pp. 133-134. 

I n  an e a r l i e r  paper  on t h i s  s u b j e c t  t h e  au thor  d i s regarded  the  width o f  t h e  
s l o t s .  I n  r e a l i t y ,  t h e  s l o t  width i s  always f i n i t e .  I n  t h i s  paper  it i s  shown 
how t o  account p rope r ly  f o r  t h e  f i n i t e n e s s  o f  t h e  s l o t .  

325. Ga r r e l i ck ,  J. M .  ; and Junger ,  M.  C. : The E f f e c t  o f  Structure-Borne Noise 
i n  Submarine Hul l  P l a t i n g  on Boundary Layer S t a b i l i t y .  Rep. 
ONR CR-289-017-lF, U.S. Navy, Nov. 1977. 

This r e p o r t  d e a l s  wi th  t h e  p o t e n t i a l  boundary l a y e r  d e s t a b i l i z i n g  a c t i o n  o f  
machinery genera ted  s t ruc ture-borne  no i se  i n  submarine h u l l  p l a t i n g .  Boundary 
l a y e r  t r a n s i t i o n  i s  assumed t o  be governed by t h e  e igenvalues  o f  t h e  O r r -  
Sommerfeld equa t ion  and t h e  s t ruc ture-borne  n o i s e  f i e l d  i s  taken t o  be f l e x u r a l  
i n  na tu re .  The s t ruc ture-borne  no i se  f i e l d  i s  decomposed i n t o  propaga t ing  wave 
f i e l d s  and n e a r - f i e l d s  such a s  would surround foundat ion s t r u c t u r e s  o r  o t h e r  
h u l l  impedance d i s c o n t i n u i t i e s .  I t  i s  found t h a t  f o r  t h e  frequency range 
gene ra l l y  a s s o c i a t e d  wi th  s t ruc ture-borne  n o i s e ,  say  30 - l o4  Hz, t h e  propa- 
g a t i n g  wave f i e l d s  a r e  n o t  d e s t a b i l i z i n g  i n  t h a t  they  do n o t  conta in  components 
which a r e  co inc iden t  with t h e  app rop r i a t e  e igenvalues  o f  t he  Orr-Sonunerfeld 
equa t ion .  By c o n t r a s t ,  t h e  nea r - f i e ld s  w i l l  con t a in  components which a r e  coin- 
c i d e n t  with t h e  p o t e n t i a l l y  d e s t a b i l i z i n g ,  e igenvalues  of  t he  Orr-Sommerfeld 
equa t ion .  These n e a r - f i e l d s  a r e  i n t e r p r e t e d  i n  terms of  equ iva l en t  p ropaga t ing  
f i e l d s  t o  which they a r e  found t o  be of ( r e l a t i v e l y )  low l e v e l .  Avai lab le  



experimental  r e s u l t s  a r e  d iscussed  i n  terms of  t he  submarine environment and it 
i s  found t h a t  although t r a n s i t i o n  may be a f f e c t e d  by s t ruc ture-borne  no i se  
l e v e l s  l e s s  t han ,  say ,  t h e  expected free-stream turbulence l e v e l s ,  t h e  measured 
noise  l e v e l s  r equ i r ed  f o r  d e s t a b i l i z a t i o n  a r e  h igher  than one expec ts  i n  sub- 
marine h u l l  p l a t i n g .  

F i n a l l y ,  a  mechanical analogue t o  t he  Orr-Sommerfeld equat ion  is presented  
i n  t h e  form o f  a  v i b r a t i n g  e l a s t i c  p l a t e  r e s t i n g  on a  l o c a l l y  r e a c t i n g  founda- 
t i o n  of  s p e c i f i c  form. 

Author 
A v a i l a b i l i t y  : 
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326. BCAC Prel iminary Design Dep.: Evaluat ion of Laminar Flow Cont ro l  System 
Concepts f o r  Subsonic Commercial Transport  A i r c r a f t .  NASA CR-158976, 
1978. 

This document c o n s t i t u t e s  t h e  f i n a l  r e p o r t  covering engineer ing  development 
and eva lua t ion  of  laminar flow c o n t r o l  system concepts under Cont rac t  t o  NASA. 

Work was conducted i n  t h r e e  major t a s k s ;  namely, 1) Mission Def in i t i on  and 
Basel ine Configurat ion Development, 2)  Concepts Evaluat ion,  and 3) Configura- 
t i o n  S e l e c t i o n  and Design. The r e p o r t  covers  t he  work conducted from September 
1976 through September 1978. The s tudy  a c t i v i t y  i s  d i r e c t e d  toward t h e  f u r t h e r  
development of  LFC technology and s o l u t i o n s  t o  c r i t i c a l  problems which must be 
solved before  p r a c t i c a l  app l i ca t ion  of  LFC can be succes s fu l .  The o v e r a l l  
ob j ec t ive  of  the  LFC program i s  t o  provide a  sound b a s i s  f o r  i n d u s t r y  dec i s ions  
on t h e  a p p l i c a t i o n  of LFC t o  f u t u r e  commercial t r a n s p o r t s .  

Author 
A v a i l a b i l i t y :  
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327. Gray, W. E . :  A Simple Visual  Method of  Recording Boundary Layer T rans i t i on  
(Liquid F i lm) .  Tech. Note No. Aero 1816, B r i t i s h  R.A.E., Aug. 1946. 

A method o f  a t t r a c t i v e  s i m p l i c i t y  f o r  t he  v i s u a l  area-study of boundary 
l a y e r  t r a n s i t i o n ,  i n  use a t  t h e  R.A.E. f o r  t h e  p a s t  yea r ,  i s  descr ibed  i n  t h i s  
r epo r t .  Its app l i ca t ion  is  p r i m a r i l y  t o  wind-tunnel t e s t s ,  and photographs show 
examples of laminar and t u r b u l e n t  reg ions  o f  flow over l a r g e  a reas  o f  wing with 
various su r f ace  f i n i s h e s .  

This " l i q u i d  f i l m  evaporat ion method" i n d i c a t e s  t r a n s i t i o n  by t h e  drying of  
a  f i l m  of l i q u i d  only some. 10 m i l l i o n t h s  of  an inch  th i ck :  it i s  thus  a  method 
of considerable  refinement.  A very wide choice of  common harmless l i q u i d s  can 
be used, and some guidance i s  given on dry ing  r a t e s .  Sur faces  t o  be t e s t e d  need 
no s p e c i a l  p repa ra t ion ,  and with reasonable l i g h t i n g  t r a n s i t i o n  can b e  seen 
e a s i l y  dur ing  t e s t .  

The development of  v i s u a l  boundary l a y e r  methods i s  b r i e f l y  o u t l i n e d ,  and 
comparisons made both with v i s u a l  and o t h e r  methods. 



Laminar s e p a r a t i o n  can a l s o  be s tud i ed  by t h e  method and i t s  a p p l i c a t i o n  t o  
h e a t  t r a n s f e r  problems i s  b r i e f  Ly d iscussed .  
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A v a i l a b i l i t y  : 
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328. Owen, P. R. ; and Ormerod, A. 0 .  : Evaporat ion From t h e  Surface o f  a Body i n  
an Airs t ream (With P a r t i c u l a r  Reference t o  t h e  Chemical Method o f  I n d i -  
c a t i n g  Boundary-Layer T r a n s i t i o n ) .  R. & M. No. 2875, B r i t i s h  A.R.C., 
1954. 

The problem o f  p r e d i c t i n g  t h e  r a t e  o f  t r a n s p o r t  of  a  gas from o r  i n t o  t h e  
s u r f a c e  o f  a  two-dimensional body i n  an a i r s t r e a m  i s  d iscussed .  The p r i n c i p a l  
o b j e c t  o f  t h e  i n v e s t i g a t i o n  i s  t o  provide a  means o f  e s t ima t ing  t h e  t i m e  
r equ i r ed  t o  o b t a i n  an experimental  record  o f  boundary-layer t r a n s i t i o n  when a  
chemical technique i s  used. The methods evolved should,  however, f i n d  an a p p l i -  
c a t i o n  t o  o t h e r  forced  d i f f u s i o n  phenomena. 

The gene ra l  approach i s  based on t h e  analogy between mass t r a n s f e r ,  h e a t  
t r a n s f e r  and s k i n  f r i c t i o n ,  and the  a n a l y s i s  is  app l i ed  t o  both a  laminar  and a  
t u r b u l e n t  boundary l a y e r  on t h e  s u r f a c e  of t h e  body; it a l s o  i nc ludes  t h e  prob- 
l e m  o f  d i f f u s i o n  commencing i n  an e s t a b l i s h e d  boundary l a y e r .  For t h i s  problem, 
an approximate,  a l t e r n a t i v e  s o l u t i o n  t o  t h a t  of 0. G. Su t ton ,  f o r  a  t u r b u l e n t  
boundary l a y e r ,  i s  given. 

p a r t i c u l a r  a t t e n t i o n  i s  pa id  t o  a  d e s c r i p t i o n  of  t he  boundary cond i t i on  a t  
t h e  s u r f a c e  o f  t h e  body, and it i s  concluded t h a t ,  f o r  evapora t ion ,  t h e  usua l  
assumption t h a t  t h e  a i r  i s  s a t u r a t e d  wi th  t h e  d i f f u s i n g  substance i s ,  i n  gene ra l ,  
s a t i s f a c t o r y .  

The in f luence  of molecular d i f f u s i o n  on t h e  t r a n s f e r  o f  a  gas  through a  
t u r b u l e n t  boundary l a y e r  i s  considered;  it i s  demonstrated t h a t  t h e  e f f e c t s  o f  
molecular d i f f u s i o n  i n  t h e  laminar  sub-layer may be  impor tan t .  A s imple ,  
approximate method of  e s t i m a t i n g  t h e  molecular d i f f u s i o n  c o e f f i c i e n t  f o r  a  p a i r  
o f  gases  i s  de r ived .  

A d e s c r i p t i o n  i s  given of  a  wind-tunnel experiment i n  which measurements 
were made o f  t he  r a t e s  o f  subl imat ion o f  some chemicals from a  smal l  part o f  a  
f l a t  p l a t e  wi th  a  t u r b u l e n t  boundary l a y e r :  they were found t o  agree  f a i r l y  
w e l l  wi th  t h e  corresponding t h e o r e t i c a l  e s t ima te s .  

F i n a l l y ,  as an example of  t h e  a p p l i c a t i o n  of  t h e  methods, a  c a l c u l a t i o n  o f  
t h e  e f f e c t  of  a l t i t u d e  on t h e  r a t e  of  sub l imat ion  o f  a  chemical from t h e  s u r -  
f ace  o f  an a i r c r a f t  i s  made; t h i s  agrees  wi th  f l i g h t  tests,  which had e s t a b l i s h e d  
t h a t  t h e  r a t e  o f  sub l imat ion  decreases  very r a p i d l y  wi th  i nc rease  o f  a l t i t u d e .  
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329. Main-Smith, J. D. : Chemical So l id s  a s  D i f f u s i b l e  Coating Films f o r  Visual  
I n d i c a t i o n s  of  Boundary-Layer T rans i t i on  i n  A i r  and Water. R. & M. 
No, 2755, B r i t i s h  A.R.C,, 1950. 

Experimental i n v e s t i g a t i o n s  have been made on var ious  chemical s o l i d s  a s  
d i f f u s i b l e  coa t ing  f i lms  f o r  v i s u a l  i n d i c a t i o n  of  boundary-layer t r a n s i t i o n  i n  
a i r  and water .  O r i g i n a l l y ,  t h e  method was app l i cab l e  only a t  low speeds i n  wind 
tunne ls  and water t anks ,  and t h e  i n d i c a t i o n s  were somewhat t r a n s i e n t .  More 
durab le  c o a t i n g  materia-1s have now been made a v a i l a b l e ,  admi t t i ng  o f  use a t  sub- 
s o n i c  and supersonic  wind-tunnel speeds from 30 t o  1350 m.p.h., and a t  sh ip -hu l l  
speeds from 2% t o  20  k t .  The method has  a l s o  proved capable of  ex tens ion  t o  
a i r c r a f t  i n  f l i g h t  a t  speeds from 100 t o  445 m.p.h. a t  temperatures  down t o  
-22 deg C and a t  a l t i t u d e s  up t o  20,000 f t .  The d i f fu s ib l e - so l id -coa t ing  method, 
wi th  i t s  advantages o f  au tographic  i n d i c a t i o n  and s i m p l i c i t y  and r a p i d i t y  of  
ope ra t i on ,  has  thus  become a  v e r s a t i l e  technique i n  i n v e s t i g a t i o n s  on f l u i d  flow 
i n  aerodynamics and hydrodynamics. 
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330. Atkins  , P . B .  ; and Trayford,  R. S .  : A Method of Boundary Layer Flow 
Vi sua l i za t i on  f o r  Use i n  F l i g h t .  F l i g h t  Note 22, Aeronaut. Res. Labs. 
(Melbourne) , Ju ly  1955. 

A method of wet t ing  t h e  upper su r f ace  of a  wing prepared wi th  a  coa t ing  of  
ch ina  c l ay  has  been developed i n  a  wind tunne l ,  and f l i g h t  t e s t s  have shown t h a t  
t he  method can be succes s fu l ly  adopted f o r  flow i n v e s t i g a t i o n s  i n  f l i g h t .  

The we t t i ng  agent  i s  sprayed from nozzles  j u s t  a f t  of  t h e  s t a g n a t i o n  p o i n t  
a t  h igh  inc idences ,  a l lowing t h e  spray t o  c u t  through t h e  s t agna t ion  s t r eaml ine  
and be c a r r i e d  over t h e  upper su r f ace  and thus  wet t h e  ch ina  c l ay .  

Adequate coverage of t h e  su r f ace  can be ob ta ined  quick ly  a t  t h i s  inc idence ,  
a f t e r  which t h e  a i r c r a f t  i s  flown a t  t he  t e s t  speed u n t i l  a  p a t t e r n  develops.  
The f u l l y  developed p a t t e r n  can then be  photographed t o  provide a permanent 
record .  
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331. Richardson, Norman R . ;  and Horton, Elmer A . :  A Thermal System f o r  Con- 
t inuous  Monitoring of Laminar and Turbulent Boundary-Layer Flows During 
Routine F l i g h t .  NACA TN 4108, 1957. 

A thermal  system has been developed which could be used t o  determine whether 
the  boundary l a y e r  on a  wing i n  f l i g h t  i s  t u r b u l e n t  o r  laminar .  This system, 
when used i n  conjunct ion wi th  continuous record ing  ins t ruments  such a s  t he  galva- 
nometer i n  an NACA VGH r eco rde r  and a  motor-driven s e l e c t o r  swi tch ,  would permi t  
continuous monitoring of t he  boundary l a y e r  during r o u t i n e  f l i g h t  with l i t t l e  o r  



no a t t e n t i o n  from t h e  crew. Detect ion i s  based on t h e  d i f f e r e n c e  i n  r a t e  o f  
hea t  t r a n s f e r  t o  a  t u r b u l e n t  boundary l a y e r  a s  compared with t h a t  t o  a  laminar  
boundary l a y e r .  The d e t e c t o r s ,  which c o n s i s t  o f  i n s u l a t e d  r e s i s t a n c e -  
thermometer gages cemented t o  t h e  wing s u r f a c e ,  combine t h e  func t ions  o f  
hea t ing  and temperature  measurement. Wind-tunnel t e s t s  i n d i c a t e  t h a t  a  usab le  
s i g n a l  i s  obta ined  when t h e  Reynolds number p e r  f o o t  i s  about  0.15 x l o 6  o r  
g r e a t e r .  I f  t he  d e t e c t o r s  can be matched wel l  enough and the  gage temperature  
i nc reased ,  they  may be f e a s i b l e  f o r  use a t  somewhat lower Reynolds numbers. 
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332. Gas t e r ,  M . :  The Applicat ion of Hot-Film Gauges t o  t h e  Detect ion o f  
Boundary-Layer T rans i t i on  i n  F l i g h t .  CoA Rep. AERO No. 189, Co l l .  o f  
Aeronaut. , Cranf i e ld  (England) , Jan .  1966. 

A d e t a i l e d  d e s c r i p t i o n  of  t he  cons t ruc t ion  of  small  ho t - f i lm gauges i s  
given wi th  an account of t h e  a p p l i c a t i o n  of  t he se  ins t ruments  t o  t h e  s p e c i f i c  
problem of d e t e c t i n g  boundary l a y e r  t r a n s i t i o n  i n  f l i g h t .  Typical  o sc i l l o scope  
records  of  gauge s i g n a l s  from experiments on a  swept laminar flow wing a r e  
reproduced. 
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333. Zozul ia ,  V. B . ;  and Cheranovski i ,  0. R . :  ~ e t e r m i n a t i o n  of  t h e  P o i n t  o f  
Laminar-Turbulent T rans i t i on  With t h e  Aid of  a  Travel ing I n d i c a t o r .  
Samole tos t r .  Tekh. Vozdushn. F l o t a ,  no. 17,  1970, pp. 26-30. 

Descr ip t ion  o f  a  device employing a  hot-wire anemometer and an o sc i l l o scope  
t o  determine t h e  p o i n t  of l aminar - turbulen t  t r a n s i t i o n  on a  wing. With t h e  a i d  
of an e l e c t r i c a l l y  dr iven  mechanism, t he  sensor  i s  made t o  move i n  t h e  boundary 
l a y e r  i n  oppos i te  d i r e c t i o n  t o  t h e  flow. The p o i n t  of l aminar - turbulen t  t r a n s i -  
t i o n  i s  determined (by l i n e a r  measurements) from osc i l lograms of  t h e  v e l o c i t y  
p u l s a t i o n s  i n  t he  boundary l a y e r .  

A v a i l a b i l i t y  : 
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334. Kawai, Nobuhiro; and Oguni, Yasuo: Methods o f  Detect ing Boundary Layer 
T rans i t i on .  NAL-TR-353, Nat ional  Aerospace Lab. (Tokyo), 1973. 

Four methods o f  d e t e c t i n g  boundary l a y e r  t r a n s i t i o n  a r e  i n v e s t i g a t e d .  
F e a s i b i l i t y  of  measurements on three-dimensional wings i n  a  t r anson ic  wind 
tunne l ,  and t h e  absence of t h e  flow d i s tu rbances  due t o  the  s ens ing  elements on 
t h e  wing a r e  considered.  The p r i n c i p l e s  of t he se  methods a r e  a s  fo l lows:  
(1) Liquid c r y s t a l  pa in ted  on the  wing s u r f a c e ,  changes i t s  co lor  according t o  
the recovery temperature ,  and v i s u a l i z e s  t r a n s i t i o n .  ( 2 )  Sens i t i ve  t he rmis to r s  
mounted f l u s h  w i t h  t he  wing s u r f a c e ,  i n d i c a t e  t h e  recovery temperature.  The 



measured t r a n s i t i o n  p o i n t s  a r e  compared wi th  theory .  ( 3 )  Small microphones 
mounted f l u s h  wi th  t he  s u r f a c e ,  i n d i c a t e  t h e  a c o u s t i c  no i se .  The sound p re s -  
su re  l e v e l  of  the noise  becomes maximum a t  t he  p o i n t  of  t r a n s i t i o n  region.  
(4) Both d i r e c t  and a l t e r n a t i n g  components of e l e c t r i c  c u r r e n t s  through t h e  h o t  
f i lms  mounted f l u s h  with t h e  wing s u r f a c e ,  show t h e  c h a r a c t e r i s t i c  changes o f  
t r a n s i t i o n  and sepa ra t i on .  The advantages and disadvantages of  t h e s e  a r e  d i s -  
cussed. The ranges of  Mach number and o t h e r  flow cond i t i ons  a r e  examined. 
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335. Rawcliffe ,  A. G . :  Suct ion-Slot  Ducting Design. R. & M. No. 2580, 
B r i t i s h  A.R.C. ,  1952. 

The purpose of  t h e  i n v e s t i g a t i o n  was t o  provide uniform suc t ion  through a  
narrow s l o t  a long  the  span o f  a  wing, with t h e  lowest  p o s s i b l e  l o s s e s ,  when t h e  
pump was s i t u a t e d  a t  t h e  r o o t  o f  t h e  wing. 

Models of var ious  des ign  were t e s t e d  and modified i n  t h e  l i g h t  o f  t h e  
r e s u l t s  ob ta ined .  From these  experiments ,  t oge the r  w i t h  a  q u a l i t a t i v e  a n a l y s i s  
o f  t h e  flow through t h e  type  of  duc t ing  proposed, s p e c i f i c  recommendations have 
been formulated f o r  t h e  a t ta inment  of uniformity of  s u c t i o n  combined with low 
power l o s s e s .  

I n v e s t i g a t i o n s  were confined t o  suc t ion  from s t i l l  a i r .  

Losses obtained with t h e  broad p a r t i t i o n  and wi th  t h e  guide-vane duc t s  
compared w e l l  wi th  t h a t  f o r  t h e  e a r l i e r  models, and t h e  d i s t r i b u t i o n  o f  v e l o c i t y  
a t  t h e  s l o t  was q u i t e  s a t i s f a c t o r y .  The c i r c u l a r  c o l l e c t o r  duc t  appeared t o  be 
more e f f i c i e n t ,  b u t  suc t ion  was much h igher  a t  t h e  t i p  than  a t  t h e  r o o t .  

Suc t ion  duc t ing  i s  t o  be t e s t e d  i n  t h e  wa l l  of  a  sma l l  wind-tunnel, s o  t h a t  
t he  e f f e c t  o f  t h e  tunne l  boundary l a y e r  may be s tud i ed .  
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336. Rogers, K . :  Prel iminary Inves t i ga t ion  of  t h e  Pressure  Drop i n  Suc t ion  
Ducts. Rep. No. BLC-13, Northrop A i r c r a f t ,  I n c . ,  Sept .  1953. (Avai lab le  
from DDC a s  AD 25 565(d)  .) (A d i scuss ion  of  t h i s  work appears  i n  Summary 
of Laminar Boundary Layer Control  Research, WADC Tech. Rep. 56-111, 
U.S. A i r  Force,  Apr. 1957, pp. 217-252. (Avai lable  from DDC a s  
AD 130 759.) ) 



~ v a i l a b i l i  t y  : 
SN-24021, Dec. 1953 
BLC-13 
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337. Rogers, K.  H .  ; and ~ f e n n i n g e r ,  W .  : Experimental I n v e s t i g a t i o n  o f  t h e  
Losses i n  Boundary Layer Suc t ion  Ducts. Summary of  Laminar Boundary 
Layer Control  Research. WADC Tech. Rep. 56-111, U.S. A i r  Force,  
Apr. 1957, pp. 221-224. (Avai lab le  from DDC a s  AD 130 759.) 

I n  s u c t i o n  systems o f  low drag  boundary l a y e r  a i r c r a f t ,  s u c t i o n  duc t s  must 
be provided t o  c a r r y  t h e  s u c t i o n  a i r  from t h e  s u c t i o n  s u r f a c e  t o  t h e  s u c t i o n  
compressor o r  t o  a  plenum o r  mixing chamber upstream of  t h e  suc t ion  compressor. 
Genera l ly ,  t h e  s u c t i o n  duc t s  on s u c t i o n  wings w i l l  be o r i e n t e d  e s s e n t i a l l y  i n  
spanwise d i r e c t i o n  and have one o r  more continuous i n l e t s  ( f o r  example, s l o t s ,  
rows o f  h o l e s ,  suc t ion  s t r i p s ,  e t c . )  a long the  f u l l  l ength  of  t h e  s u c t i o n  duc t .  
The l o c a l  s u c t i o n  r a t e  ( inf low) i s  c o n t r o l l e d  by the  p r e s s u r e  d i f f e r e n c e  between 
the  d u c t  and t h e  suc t ion  s u r f a c e .  I n  o r d e r  t o  c o n t r o l  t h e  in f low wi th in  allow- 
ab l e  l i m i t s  and t o  minimize duc t ing  l o s s e s ,  an experimental  i n v e s t i g a t i o n  of  
var ious  s u c t i o n  duc t s  was conducted. The s p e c i f i c  o b j e c t i v e s  of  t h e  expe r i -  
mental program were t o  reduce t h e  l o s s e s  i n  t h e  s u c t i o n  d u c t s ,  f o r  example, by 
i nco rpo ra t i ng  turning-vanes i n  t h e  i n l e t ,  by improving t h e  in f low i n t o  t h e  
duc t ,  e t c .  
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338. F lax ,  A. H . ;  Treanor,  C. E . ;  and C u r t i s ,  J. T.: S t a b i l i t y  o f  Flow i n  A i r -  
Induc t ion  Systems f o r  Boundary-Layer Suct ion.  WADC Tech. Rep. 53-189, 
U.S. A i r  Force,  May 1953. (Avai lab le  from DDC a s  AD 2 1  700. ) 
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339. Pfenninger ,  W . ;  and Raetz ,  G. S.:  Experiments on a  Large-Scale Model o f  a  
Constant-Angle suc t ion-Slo t  D i f fu se r .  Rep. No. NAI-54-559, Rep. 
No. BLC-56, Northrop A i r c r a f t ,  I nc . ,  Aug. 1954. 

Experiments on a  l a rge - sca l e  model of  a  constant-angle  s u c t i o n - s l o t  d i f -  
f u s e r ,  a t  d i f f u s e r  angles  o f  2O, 3O, 4O, and 5O and var ious  t y p i c a l  Reynolds 
numbers, a r e  descr ibed .  A i r  was sucked i n  from the  atmosphere through t h e  s l o t .  



The p re s su re  d i s t r i b u t i o n  a long  t h e  s l o t  was measured and t h e  flow was observed 
by means o f  a s te thoscope  and t u f t s .  In  a11 t e s t s ,  laminar  s e p a r a t i o n ,  t r a n s i -  
t i o n  and subsequent  t u r b u l e n t  reat tachment  occurred;  t he se  phenomena probably 
being followed a t  t h e  l a r g e r  d i f f u s e r  angles  by t u r b u l e n t  s epa ra t i on .  A maximum 
p re s su re  recovery f a c t o r  of 0 .78 was a t t a i n e d  a t  a s l o t  Reynolds number o f  5000 
wi th  3O s l o t  d i f f u s e r  angle .  
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340. Rogers, Kenneth H . :  ~ n v e s t i g a t i o n  of  t h e  Pressure  D i s t r i b u t i o n  and 
Boundary Layer i n  a Suc t ion  Duct With Zero-Deceleration Duct I n l e t .  Rep. 
No. BLC-50, Rep. No. NAI-54-486, Northrop A i r c r a f t ,  I n c . ,  Ju ly  1954. 
(Avai lab le  from DDC a s  AD 54 971.) 

Experimental r e s u l t s  o f  t h e  p re s su re  d i s t r i b u t i o n  along t h e  duc t  and t h e  
boundary l a y e r  c h a r a c t e r i s t i c s  a t  t h e  duc t  e x i t  a r e  p re sen t ed  f o r  a s u c t i o n  d u c t  
wi th  approximately ze ro  dece l e r a t i on  of  t h e  duc t  i n l e t .  The experiments cover a 
wide range o f  Reynolds numbers o f  t h e  duc t  flow, from apparen t ly  completely 
laminar flow a t  t h e  d u c t  e x i t  t o  completely t u r b u l e n t  flow a t  t h e  duc t  e x i t .  
The r e s u l t s  i n d i c a t e  t h a t  less than  h a l f  t h e  l o s s e s  i n  t h e  duc t  a r e  due t o  t h e  
boundary l a y e r .  The remaining l o s s e s  presumably a r e  caused by i n t e r a c t i o n  o f  
t h e  i n l e t  and d u c t  s t reams.  I f  t h i s  hypothes i s  i s  c o r r e c t ,  f u r t h e r  r educ t ion  i n  
d u c t  l o s s e s  may be p o s s i b l e  by improving t h e  i n l e t  flow i n t o  t h e  duc t .  

Pre l iminary  experimental  r e s u l t s  o f  t h e  p re s su re  r i s e  provided by s e p a r a t e  
j e t s  e n t e r i n g  t h e  duc t  s t ream a t  g rea te r - than-duc t -ve loc i ty  a r e  inc luded ,  b r ing-  
i n g  t h e  r e p o r t  up t o  d a t e  with t h e  most r e c e n t  suc t ion  duc t  experiments.  These 
pre l iminary  experiments show t h a t  t h e  p re s su re  d i s t r i b u t i o n  along t h e  d u c t  can 
be a l t e r e d  apprec iab ly  by the  use of  boos t  j e t s .  
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A v a i l a b i l i t y  : 

SN-24021, J u l y  1954 
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341. Rogers, Kenneth H .  : A Method o f  Ca lcu l a t i ng  t h e  Pressure  D i s t r i b u t i o n  i n  
Suc t ion  Ducts. Rep. No. BLC-30, Northrop A i r c r a f t ,  I n c . ,  Feb. 1954. 
(Avai lab le  from DDC a s  AD 38 6 16 ( c )  . ) 

A method o f  c a l c u l a t i n g  t h e  p re s su re  d i s t r i b u t i o n  i n  suc t ion  duc t s ,  and two 
examples comparing the  theory  w i th  experiment a r e  p re sen t ed .  The t h e o r e t i c a l  
r e s u l t s  appear  t o  be i n  good agreement with t h e  experimental  r e s u l t s  i f  t h e  
p r e s s u r e  rise due t o  t he  mixing i s  m u l t i p l i e d  with an empi r i ca l  " e f f i c i ency"  
f a c t o r .  I t  i s  suspec ted  t h a t  i nc reased  su r f ace  f r i c t i o n  i n  t h e  mixing reg ion  
p a r t l y  compensates t h e  p re s su re  r i s e  due t o  mixing der ived  from conserva t ion  of 
momen tum. 



The method p re sen t ed  a p p l i e s  on ly  t o  duc t s  i n  which t h e  i n l e t  f low i s  
d i r e c t e d  downstream i n  t he  d u c t ;  i .e . ,  c ross f low e f f e c t s  a r e  neglec ted .  

Author 
A v a i l a b i l i t y  : 

SN-24021, Feb. 1954 
BLC-30 
AD 38 616(c)  

342. Pfenninger ,  W.:  Some General Considerat ions of  Losses i n  Boundary Layer 
Suc t ion  Ducting Systems. Rep. No. BLC-29, Northrop A i r c r a f t ,  I n c . ,  Feb. 
1954. (Avai lable  from DDC a s  AD 38 616(d) .) (Also inc luded  i n  Summary 
o f  Laminar Boundary Layer Control  Research, WADC Tech Rep. 56-111, U.S. 
A i r  Force,  Apr. 1957, pp. 217-220. (Avai lable  from DDC a s  AD 130 759 . ) )  

*g f r i c t i o n  
The f r i c t i o n  l o s s e s  i nc rease  approximately wi th  t h e  square  of  

U D qo  
the d u c t  v e l o c i t y  (Fig.  2 ) .  With i n c r e a s i n g  duc t  v e l o c i t y  t h e  v e l o c i t y  of  

"0 
100,000 t o  200,000. The sum o f  t h e  l o s s e s  i n  the d u c t s  and i n  t h e  s u c t i o n  com- 
p r e s s o r s  must then be minimized. 

The p r e s e n t  t h e o r e t i c a l  s tudy  cons iders  var ious  methods which reduce t h e  
l o s s e s  i n  boundary l a y e r  s u c t i o n  duc t ing  systems. S p e c i a l  a t t e n t i o n  i s  given 
t o  low d rag  suc t ion .  

Author 
A v a i l a b i l i t y  : 

SN-24021, Feb. 1954 
BLC-2 9 
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343. R e i l l y ,  R. J. ; and Pfenninger ,  W. : Measurements of  t h e  Spanwise Var ia t ion  
o f  t he  Suct ion Quant i ty  With Suc t ion  Through S l o t s  and Holes Underneath 
the S l o t s .  Summary o f  Laminar Boundary Layer Control  Research, WADC 
Tech. Rep. 56-111, U.S. A i r  Force,  Apr. 1957, pp. 12-14. (Avai lab le  
from DDC a s  AD 130 759.) 

This  s e r i e s  of experiments showed t h a t  t he  v a r i a t i o n  i n  s l o t  v e l o c i t y  can 
be reduced e f f e c t i v e l y  by d i s p l a c i n g  t h e  row of ho l e s  i n  a chordwise d i r e c t i o n  
r e l a t i v e  t o  t h e  s l o t .  For a l l  experiments  made, chordwise displacement  of  one 
ho le  r a d i u s  (y  = r) r e s u l t e d  i n  more than 50% reduc t ion  i n  spanwise v e l o c i t y  
v a r i a t i o n  through t h e  s l o t ,  and a displacement  o f  one h a l f  t h e  ho l e  spac ing  
(y  = r -k s) reduced t h e  v e l o c i t y  v a r i a t i o n  t o  p r a c t i c a l l y  zero.  The reduc t ion  



i n  v e l o c i t y  v a r i a t i o n  a s  a func t ion  o f  displacement i s  shown f o r  f i v e  t y p i c a l  
conf igura t ions .  

Author 
A v a i l a b i l i t y :  

N78-76390 
N-5 3889 
AD 130 759 

344. Pfenninger ,  W . ;  Dedon, W. W . ;  and Slagg,  W. R.:  Design of  t h e  Suc t ion  
Ducting System f o r  a Hypothet ical  Laminar Suct ion Airplane.  Summary o f  
Laminar Boundary Layer Cont ro l  Research, WADC Tech. Rep. 56-111, U.S. A i r  
Force,  Apr. 1957, pp. 257-266. (Avai lable  from DDC a s  AD 130 759.) 

The purpose of  t h i s  i n v e s t i g a t i o n  i s  t o  p r e s e n t  some problems encountered 
i n  connect ion wi th  t h e  duc t ing  system of  a laminar s u c t i o n  wing and t o  o f f e r  
p o s s i b l e  s o l u t i o n s  f o r  t he se  problems. 

It has been shown t h a t  an e f f i c i e n t  design of h igh  a s p e c t  r a t i o  laminar 
suc t ion  wings can be achieved by proper ly  combining t h e  s u c t i o n  duc t ing  system 
with t h e  s t r u c t u r a l  l ayou t  and by d i s t r i b u t i n g  t h e  des ign  d i f f i c u l t i e s  on t h e  
var ious  components of such a wing. A wing s t r u c t u r e  wi th  small  duc t  l o s s e s  and 
a minimum incrementa l  s t r u c t u r a l  weight due t o  s u c t i o n  i s  then poss ib l e .  Suc- 
t i o n  through a l a r g e  number of f i n e  s l o t s  appears  promising, p a r t i c u l a r l y  on 
swept laminar suc t ion  wings. Suc t ion  through many rows o f  c lo se ly  spaced h o l e s  
i s  o f t e n  equa l ly  a t t r a c t i v e ,  provided premature t r a n s i t i o n  a s  w e l l  a s  contamina- 
t i o n  o f  t h e  h o l e s  can be avoided. 

Author 
A v a i l a b i l i t y :  

N78-76390 
N-53889 
AD 130 759 

345. Rogers, Kenneth H . :  I n v e s t i g a t i o n  of  t h e  Pressure  D i s t r i b u t i o n  Along a 
Constant Area Suc t ion  Duct With 90 Degree Drilled-Hole I n l e t .  Rep. 
No. N A I  -55-286 (BLC-71) , Northrop A i r c r a f t ,  I nc .  , Mar. 1955. (Avai lab le  
from DDC a s '  AD 74 865 ( a )  . )  

The purpose of t h e  i n v e s t i g a t i o n  i s  t o  provide experimental  d a t a  of 
pressure-drop along suc t ion  duc t s  wi th  90° d r i l l e d - h o l e  i n l e t s  and t o  i n v e s t i -  
ga t e  t h e  e f f e c t s  o f  Reynolds number, length-diameter r a t i o ,  and i n l e t - t o - d u c t  
v e l o c i t y  r a t i o .  

Author 
A v a i l a b i l i t y  : 

SN-24021, Mar. 14,  1955 
NAI-55-286 (BLC-71) 
AD 74 865 (a )  



346. Rogers, Kenneth H .  ; and Pfenninger ,  W .  : Fur the r  I n v e s t i g a t i o n s  on an 
Improved Suct ion Duct. Rep. No. NAI-55-547 (BLC-70) , Northrop A i r c r a f t ,  
I nc . ,  May 1955. (Avai lab le  from DDC a s  AD 79 343 (a )  . )  

A s e r i e s  of experimental  i n v e s t i g a t i o n s  has r e s u l t e d  i n  t h e  development of  
an improved s u c t i o n  duc t  which shows neg l ig ib ly  smal l  l o s s e s  due t o  secondary 
flow o r  mixing and very small  l o s s e s  due t o  formation o f  t h e  boundary l a y e r  
a long t h e  d u c t  wa l l s .  I n  experiment 1 ( v e l o c i t y  a t  t h e  e x i t  of  t h e  t u r n i n g  
vanes p r a c t i c a l l y  equa l  t o  l o c a l  d u c t  v e l o c i t y )  t h e  p r e s s u r e  drop due t o  f r i c -  
t i o n  and secondary flow was 15% t o  19% of  the  dynamic p r e s s u r e  a t  t he  end o f  t h e  
duc t  f o r  k/dhydQ = 20. 

Furthermore, it has been shown t h a t  t h e  p re s su re  l o s s e s  i n  t h e  s u c t i o n  duc t  
can be  compensated by p re s su re  recovery due t o  mixing of  t h e  i n l e t  f low wi th  t h e  
duc t  flow, i f  t he  i n l e t  v e l o c i t y  i s  l a r g e r  than t h e  l o c a l  d u c t  v e l o c i t y .  I n  
t h i s  manner t h e  t o t a l -p re s su re  can be  maintained approximately cons t an t  a long  a 
very long  s u c t i o n  duc t .  Examples o f  t h e o r e t i c a l  de te rmina t ion  o f  p r e s s u r e  d i s -  
t r i b u t i o n  a long  a s u c t i o n  duc t ,  f o r  t h r e e  d i f f e r e n t  l e v e l s  o f  i n l e t - t o -duc t  
v e l o c i t y  r a t i o ,  show good agreement between theory and experiment.  
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347. Goldsmith, John: C r i t i c a l  Suc t ion  Quan t i t i e s  and Pumping Losses Assoc ia ted  
With Laminar Boundary Layer Suct ion Through Rows o f  Closely-Spaced Holes. 
Rep. NAI-55-287 (Rep. No. BLC-72), Northrop A i r c r a f t ,  I n c . ,  Feb. 1955. 
(Avai lab le  from DDC a s  AD 74 865 (b) . )  

The c r i t i c a l  ( l i m i t i n g )  laminar  suc t ion  q u a n t i t i e s  have been measured f o r  
s e v e r a l  d i f f e r e n t  con f igu ra t i ons  of  ho l e s  i n  a row. The experimental  conf igura-  
t i o n s  inc lude  v a r i a t i o n  of (a) ho le  diameter ,  (b) t h e  d i s t a n c e  between ad j acen t  
ho l e  c e n t e r l i n e s ,  ( c )  t h e  space between ad jacent  edges o f  t h e  h o l e s ,  and (d)  t h e  
alignment o f  the row o f  ho l e s  t o  t h e  a i r s t r eam ( e f f e c t  o f  "sweep"). I n  addi-  
t i o n ,  t h e  s u c t i o n  p re s su re  l o s s e s  have been measured f o r  each con f igu ra t i on .  

The experimental  r e s u l t s  i n d i c a t e  t h a t  t h e  c r i t i c a l  s u c t i o n  q u a n t i t i e s  a r e  
more dependent on t h e  c losed  space o r  gap between ad j acen t  edges of  h o l e s  than 
on o t h e r  dimensions such a s  d iameter  and c e n t e r l i n e  spacing.  The "swept" row o f  
ho l e s  (which a c t u a l l y  formed a s i n e  wave i n  t h e  f l a t  p a t t e r n )  have a c r i t i c a l  
s u c t i o n  q u a n t i t y  cons iderab ly  reduced from t h e  value f o r  a s i m i l a r  con f igu ra t i on  
l y i n g  perpendicu la r  t o  t h e  tube a x i s .  

Measurement o f  t h e  p r e s s u r e  l o s s e s  r e s u l t i n g  from s u c t i o n  through a row of  
ho l e s  i n d i c a t e s  t h a t  t he  dimensionless  l o s s e s    AH/^) bea r  some r e l a t i o n  t o  t h e  
tube parameter  tv/Uha2. This  parameter i s  the  t h e o r e t i c a l l y  der ived parameter  



which determines the  losses  and o the r  flow condit ions f o r  tubes with smooth 
i n l e t .  With information already ava i l ab le ,  the  losses  through suct ion  holes  
can be ca lcu la ted  t o  about 10% accuracy, b u t  add i t iona l  experiments (which a r e  
cu r ren t ly  being conducted) a r e  required before add i t iona l  accuracy can be 
achieved. 
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348. Rogers, K. H .  : Experimental and Analyt ical  Inves t iga t ion  of  a Vee I n l e t  
Suction Duct. NAI-56-614, Rep. No. BLC-89, Northrop A i r c r a f t ,  Inc . ,  
Ju ly  1956. (Available from DDC a s  AD 106 068 (a )  . ) 

Experimental and a n a l y t i c a l  inves t iga t ions  of a suct ion  duct  connected t o  
two i n l e t s  a t  d i f f e r e n t  pressure  l e v e l s  a r e  presented.  Turning varies a r e  
i n s t a l l e d  i n  the  i n l e t s  t o  d i r e c t  the  inflow downstream i n  the  duct .  The 
r e s u l t s  show t h a t  a suc t ion  duct  with turning-vanes provides appreciable pres-  
sure  recovery by mixing of the  high energy and low energy inflows,  a s  compared 
with a duct  i n  which the  dynamic pressure  of the  inflow i s  l o s t  by t h r o t t l i n g  
through the  suct ion  surface .  Variat ions i n  pressure  d i s t r i b u t i o n  along the  
duct ,  inflow d i s t r i b u t i o n  along t h e  i n l e t s ,  and l o s s e s  i n  the  duct  system a r e  
shown a s  a function of the  i n l e t  flow-rate r a t i o  QH/QTotal. Theore t ica l  and 
experimental r e s u l t s  a r e  compared. 
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349. Treanor, C. E.; and Flax,  A. H.: The E f f e c t  of  Boundary Layer P r o f i l e ,  
A i r  Speed, and System Geometry on the  S t a b i l i t y  of Flow i n  Suction 
Systems. WADC TR-55-318, AD 97115, U.S. A i r  Force, Ju ly  1956. 

The s t a b i l i t y  of flow i n  a i r  induction systems f o r  boundary-layer suct ion  
has been s tudied  a s  a continuation of  the  t h e o r e t i c a l  and experimental work 
reported i n  WADC TR 53-189. I n  these  suct ion  systems, the  dynamic head of  the  
boundary-layer a i r  can increase  the  pressure  i n  the  suct ion  system, causing 
dynamic and s t a t i c  i n s t a b i l i t y .  The t h e o r e t i c a l  work reported here extends the  
previous ana lys i s  t o  include the  e f f e c t s  of wave motion i n  the  e x i t  sec t ion  of  
t h e  suct ion  system. The experiments include t e s t s  with both a tu rbu len t  bound- 
ary  l a y e r  and an a r t i f i c i a l l y  produced laminar-like boundary l a y e r ,  obtained by 
a i r  i n j e c t i o n  through the  tunnel  wal l .  The s t a t i c  i n s t a b i l i t y  i s  evidenced by 
the  appearance of unequal flows i n  os tens ib ly  i d e n t i c a l  branches of the  system. 
I n s e r t i n g  s p l i t t e r  vanes i n  the  s l o t  and d i f f u s e r  accents  t h i s  i n s t a b i l i t y ,  the  
flow confining i t s e l f  t o  separa te  sec t ions  o f  t h e  d i f f u s e r  f o r  moderate suct ion  
r a t e s .  Several  devices t o  remove the  s t a t i c  i n s t a b i l i t y  were unsuccessful,  b u t  
the  use of the  laminar-like boundary l aye r  has a s t rong s t a b i l i z i n g  e f f e c t .  The 
dynamic i n s t a b i l i t y  occurs i n  the  form of r egu la r  o s c i l l a t i o n s  i n  the  flow. I t  



was shown i n  WADC TR 53-189 t h a t  the  system could be made dynamically s t a b l e  by 
introducing l a rge  losses  i n  t h e  suct ion  s l o t .  In  the  p resen t  r e p o r t  four  s t a b i -  
l i z i n g  e f f e c t s  a r e  inves t iga ted:  small  plenum volume, laminar-like boundary 
l aye r ,  large-chord entrance s l o t ,  and low tunnel  speed. Conditions f o r  dynamic 
s t a b i i i t y  a r e  inves t iga ted  t h e o r e t i c a l l y ,  and a s t a b i l i t y  c r i t e r i o n  i s  compared 
with the  experimental r e s u l t s .  The experiments with the  dynamic i n s t a b i l i t y  
include measurements of the  amplitude and phases of the  o s c i l l a t i o n s  i n  various 
p laces  i n  the  suct ion  system. An expression i s  derived f o r  the  frequency of  
o s c i l l a t i o n  i n  the  case of  dynamic i n s t a b i l i t y .  The ca lcula ted  frequency agrees 
with the  experimental measurements f o r  l a rge  plenum volume, b u t  is  no t  i n  agree- 
ment f o r  measurements with the  small plenum. The energy balance i n  the  dynami- 
c a l l y  unstable system i s  inves t iga ted  t h e o r e t i c a l l y  and these  r e s u l t s  a r e  com- 
pared with experiment. 
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350. Schantz, H. F.: Boundary Layer Control Suction Duct No. 2 Analysis.  Rep. 
No. 17-183 (Contract No. AF-33(600)-5006), Chase A i r c r a f t  Co., Inc.,  
Apr. 23, 1953. (Available from DDC a s  AD 014 754.) 

This i s  an inves t iga t ion  of  the  suct ion  duct  No. 2 f o r  the  boundary l aye r  
cont ro l  of MS-17 a i rp lane .  The model, 0.409 of  a i rp lane  s i z e ,  was made of 
p lex ig lass  with aluminum vanes o r  t h r o t t l e  p l a t e s ,  and wooden i n l e t s .  The 
purposes of  the  t e s t s  were t o  i n v e s t i g a t e  the  losses  i n  the  modified duct ,  t o  
compare l o s s e s  i n  case of  i n l e t  guide vanes o r  t h r o t t l e  p l a t e s ,  and t o  obta in  a 
uniform speed d i s t r i b u t i o n  i n  the  s l o t .  
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351. Krueger, W.: Systematic Wind-Tunnel Measurements on a Laminar Wing With 
Nose Flap. NACA TM 1119, 1947. 

Results  of measurements a r e  given a s  a supplement t o  e a r l i e r  t e s t s  f o r  a 
laminar p r o f i l e  with nose f l ap ;  magnitude, form, and angle of a t t a c k  of t h e  f l a p  
were sys temat ica l ly  changed. The experiments were c a r r i e d  ou t  a t  an e f f e c t i v e  
Reynolds number of 8.2 x lo5.  The maximum l i f t  was increased t o  an optimum of 
AcamaX 3 0.7. A comparison with me,asurements on o the r  p r o f i l e s  shows t h a t  the  
e f f e c t  of a nose f l a p  is  e s s e n t i a l l y  dependent upon magnitude of the  nose radius  

c o e f f i c i e n t  of the  . p r o f i l e .  
(d / l )  
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352. Goldsmith, John: Factors  Inf luenc ing  the  Design of  Ful l -Scale  and 
Model High L i f t  Wings Which U t i l i z e  Boundary Layer Control .  Rep. 
No. NAI-54-672 (Contract  Nonr-775 (00) ) , Northrop A i r c r a f t ,  Inc.  , 
Oct. 1954. 

The boundary l a y e r  suc t ion  a i r f low requ i r ed  t o  prevent  s epa ra t ion  has  been 
es t imated  f o r  a  two-dimensional NACA 0006-64 a i r f o i l  s e c t i o n  with t h r e e  combina- 
t i o n s  of  l ead ing  and t r a i l i n g  edge f l a p s  which give ca l cu la t ed  p o t e n t i a l  flow 
l i f t  c o e f f i c i e n t s  g r e a t e r  than 4.0. The r e s u l t s  of c a l c u l a t i o n s  f o r  two f l a p  
conf igura t ions  a r e  given i n  References 1 and 2 ,  More r ecen t ly ,  c a l c u l a t i o n s  
were made f o r  t h e  t h i r d  f l a p  conf igura t ion  and the  r e s u l t s  of t he  t h r e e  f l a p  
conf igura t ions  a r e  compared i n  Fig.  2  o f  t h i s  r epo r t .  Suct ion was assumed t o  
be app l i ed  by means of s e v e r a l  f i n i t e - s i z e d  suc t ion  s l o t s  placed i n  t h e  reg ion  
of adverse p re s su re  g rad ien t s .  The r e s u l t s  of the c a l c u l a t i o n s  i n d i c a t e  t h a t  
s epa ra t ion  can be prevented with suc t ion  a i r f low c o e f f i c i e n t s  of  about 0.002 
using from 16 t o  38 s l o t s .  Recent research  i n  connection with low d rag  s u c t i o n  
work i n d i c a t e s  t h a t  a s  many a s  38 s l o t s  may no t  be a t  a l l  unreasonable. 

I n  o rde r  t o  ob ta in  high l i f t  with such a  low a i r f l o w  q u a n t i t y ,  i t  i s  neces- 
s a ry  t h a t  t h e  suc t ion  be d i s t r i b u t e d  over t h e  wing a r e a  i n  a  p a r t i c u l a r  manner. 
Since the  e x t e r n a l  wing p re s su re  v a r i e s  over  a  l a r g e  range,  it i s  n o t  a s imple 
mat te r  t o  o b t a i n  the  des i r ed  suc t ion  d i s t r i b u t i o n .  The problems connected wi th  
obta in ing  t h e  des i r ed  suc t ion  d i s t r i b u t i o n  and some s o l u t i o n s  t o  t hese  problems 
and t h e  c r i t i c a l  f a c t o r s  which e s t a b l i s h  t h e  model design v a r i a b l e s  a r e  d i s -  
cussed i n  t he  t e x t .  (Discusses and inc ludes  a  graph on l o s s e s  through smal l  
ho les .  ) 
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353. Burrows, F. M . ;  and Newman, B.  G . :  The Applicat ion of  Suction t o  a  Two- 
Dimensional Laminar Separat ion Bubble. Res. Rep. #27 (Contract  
Nonr 9 7 8 ( 0 1 ) ) ,  The Aerophys. Dept., Miss i ss ippi  S t a t e  Univ., Oct. 1, 1959. 

The e f f e c t  of suc t ion  o r  blowing through a  pe r fo ra t ed  su r f ace  i n  t h e  v i c in -  
i t y  of  a  laminar  s epa ra t ion  bubble has been inves t iga t ed .  The bubble was pro-  
duced a t  a  sharp  corner  on one wal l  of a  small  wind tunnel  and t h e  t e s t s  were 
made a t  a  low Mach number under e f f e c t i v e l y  two dimensional condi t ions .  It w a s  
found t h a t  the s i z e  of t h e  bubble and the  th ickness  of  t he  boundary l a y e r  down- 
s t ream were both reduced by inc reas ing  t h e  suc t ion  and were s i m i l a r l y  i nc reased  
by much sma l l e r  amounts of blowing. Five d i f f e r e n t  d i s t r i b u t i o n s  o f  t r a n s p i r a -  
t i o n  were t e s t e d  and the various parameters desc r ib ing  the  t u r b u l e n t  boundary 
l a y e r  downstream of reattachment were found t o  depend on t h e  t o t a l  q u a n t i t y  of  
flow removed and t o  be very nea r ly  independent of the  d i s t r i b u t i o n  i t s e l f .  The 
measured va lues  of p re s su re  r i s e  i n  t he  region of reattachment were roughly i n  
agreement with a  simple momentum a n a l y s i s  which inc ludes  the  e f f e c t  of t r a n s p i -  
r a t i o n .  I t  i s  concluded t h a t  the  app l i ca t ion  of suc t ion  near  a  s h o r t  bubble on 



a h i g h - l i f t  wing w i l l  i n  gene ra l  be b e n e f i c i a l  un l e s s  t he  p o s s i b l e  forward move- 
ment of t h e  s e p a r a t i o n  p o i n t  l e a d s  t o  the  formation of a long bubble.  
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354. Eppler ,  Richard: Gemeinsame Grenzschichtabsaugung ~ u r  Hochauftr ieb und 
Schne l l f l ug .  Jahrb .  1962 WGLR, Hermann Blenk, e d . ,  F r i ed r i ch  Vieweg und 
Sohn, 1963, pp. 140-149; Discussion on pp. 148-149. 

Combined boundary l a y e r  s u c t i o n  has  r e c e n t l y  been succes s fu l ly  app l i ed  i n  
o rde r  t o  p reven t  l aminar - turbulen t  t r a n s i t i o n  a s  w e l l  a s  s epa ra t i on  of t h e  t u r -  
b u l e n t  boundary l a y e r .  The two cases ,  however, r e q u i r e  e n t i r e l y  d i f f e r e n t  d i s -  
t r i b u t i o n s  of s u c t i o n ,  p a r t i c u l a r l y  i f  app l i ed  t o  a v a i l a b l e  convent ional  a i r f o i l  
s e c t i o n s .  Whereas, i n  t h e  case  o f  high l i f t ,  s u c t i o n  has  t o  be app l i ed  p a r t i c u -  
l a r l y  i n  t he  r eg ion  of  t h e  l ead ing  edge o f  t h e  wing, h igh  speed r e q u i r e s  t h e  
s u c t i o n  t o  be a p p l i e d  over  t h e  r e a r  end o f  t h e  a i r f o i l  a t  t h e  reg ion  of t h e  
occurrence of adverse p r e s s u r e  g r a d i e n t s .  Ca l cu l a t i ng  a i r f o i l  s e c t i o n s  from 
given p r o p e r t i e s  of  p r e s su re  d i s t r i b u t i o n ,  boundary l a y e r  suc t ion ,  s e rv ing  two 
d i f f e r e n t  purposes ,  can be taken i n t o  account a s  f a r  a s  t o  achieve,  wi th  one 
s u c t i o n  i n s t a l l a t i o n  on ly ,  cons iderab le  e f f e c t s  r ega rd ing  high l i f t  a s  w e l l  a s  
high speed. Examples o f  a i r f o i l  s e c t i o n s  with t h e  app rop r i a t e  d i s t r i b u t i o n  o f  
s u c t i o n  a r e  d i scussed .  
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355. Eppler ,  R. :  P r a c t i c a l  Ca l cu l a t i on  of  Laminar and Turbulent  Bled-Off 
Boundary Layers.  NASA TM-75328, 1978. 

Where bleed-off  i s  p r e s e n t  i n  an a i r f o i l ,  f o r  p r e s e r v a t i o n  of  l amina r i t y  a t  
high-speed f l i g h t ,  it w i l l  a l s o  have a c e r t a i n  e f f e c t  i n  r e t a r d i n g  the  separa-  
t i o n  when it can no longer  prevent  t h e  r e v e r s a l  du r ing  slow f l i g h t .  Conversely,  
cont inuous s iphoning f o r  l i f t  i n c r e a s e ,  i . e . ,  f o r  r e t a r d a t i o n  o f  s epa ra t i on  dur- 
i n g  slow f l i g h t ,  must i n  p r i n c i p l e  have a favorab le  i n f luence  on the  r e v e r s a l  a t  
high-speed f l i g h t  du r ing  a change i n  p re s su re  d i s t r i b u t i o n .  Up ti1 now ha rd ly  
any thought  has  been given t o  t h e  combination o f  t h e s e  two e f f e c t s ,  s i n c e  
e n t i r e l y  d i f f e r e n t  amounts of bleed-off  a r e  r equ i r ed  a t  d i f f e r e n t  p o i n t s .  But 
l a t e l y  t he re  has  been some approach t o  t h i s  combination. A va luable  a i d  i n  
r e a l i z i n g  such a bleed-off combination i s  a method of  c a l c u l a t i o n  t h a t  pe rmi t s  
uniform t rea tment  of  a l l  cases .  This  s tudy w i l l  r e p o r t  on a s o l u t i o n  o f  t h e  
problem. 
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356. Mertaugh, Lawrence J.:  F e a s i b i l i t y  Study of a Combined Laminar and Turbu- 
l e n t  Boundary Layer Control  System Using Di s t r i bu t ed  Suc t ion .  
AFFDL-TR-71-47, U.S. A i r  Force,  A p r ,  1971. (Avai lab le  from DDC 
a s  AD 727 767.) 



The o b j e c t i v e  of t h e  i n v e s t i g a t i o n  was t o  determine t h e  f e a s i b i l i t y  o f  a  
combined low-drag, h i g h - l i f t  boundary l a y e r  con t ro l  system in tended  f o r  use i n  
t he  XV-11A a i r c r a f t .  The XV-11A i s  a  low-speed aerodynamic r e sea rch  a i r c r a f t  
cons t ruc ted  e n t i r e l y  o f  g l a s s  r e i n f o r c e d  p l a s t i c .  The combined boundary l a y e r  
c o n t r o l  system t o  provide f u l l  chord laminar flow over  t h e  wing s u r f a c e s  i n  
c r u i s e  f l i g h t  and p reven t  s epa ra t i on  o f  t he  t u r b u l e n t  boundary l a y e r  under con- 
d i t i o n s  of h igh  l i f t  c o e f f i c i e n t s  i n  t h e  approach con f igu ra t i on  w i l l  u t i l i z e  
d i s t r i b u t e d  s u c t i o n  over  t h e  wing su r f aces  wi th  t h e  p o r o s i t y  provided by rows 
of  c l o s e l y  spaced s u c t i o n  holes .  The eva lua t ion  of t h e  laminar  system was 
accomplished on a glove s e c t i o n  i n s t a l l e d  on t h e  wing of  a  TG-3 g l i d e r .  
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357. Gross,  Lloyd W . :  I n v e s t i g a t i o n  o f  the  Behavior o f  Boundary Layer Suc t ion  
i n  Decelerated Flows. Volume I: Experiments and Comparison With Theory. 
AFFDL-TR-68-117, Vol. I ,  U.S. A i r  Force,  Aug. 1968. (Avai lab le  from DDC 
a s  AD 846 963L. ) 

Separa t ion  of  a  t u r b u l e n t  boundary l a y e r  i n  a  p re s su re  rise approximately 
t h a t  o f  t h e  forward 25% of a  12% t h i c k  a i r f o i l  s e c t i o n  with a  30% chord f l a p  
d e f l e c t e d  60° was prevented by means of suc t ion  through a  l a r g e  number o f  f i n e  
s l o t s .  Attached t u r b u l e n t  boundary l a y e r  flow was maintained a t  ambient Mach 
numbers from fa, = 0.2 t o  M, = 0.315 corresponding t o  maximum Mach numbers on 
t h e  su r f ace  o f  t h e  model M = 0.48 t o  0.935 and Reynolds numbers Rc = 4 .1  x 106 
t o  6 .3  x lo6 .  The minimum observed optimum suc t ion  flow c o e f f i c i e n t  (def ined  
where t he  sum o f  t h e  boundary l a y e r  k i n e t i c  energy l o s s  and t h e  pumping power 
was l e a s t )  v a r i e d  from CMt = 1.58 X lo-3 a t  IZ,= 0.2 t o  C = 1.48 X l o m 3  

M t 
a t  M, = 0.315. The corresponding va lues  of minimum energy l o s s  c o e f f i c i e n t  
were C P t =  13 x and Cpt = 22 x r e spec t ive ly .  The Reynolds numbers 

and flow c o e f f i c i e n t s  a r e  based on model dimensions and w i l l  change when app l i ed  
t o  an a c t u a l  case  ( s ee  Volume 2 ) .  

For t h e  p r e s s u r e  d i s t r i b u t i o n  of  t h e s e  tests one-half o f  t h e  p r e s s u r e  rise 
occur red  wi th in  15% of  t h e  a i r f o i l  chord while  t h e  remainder o f  t h e  p re s su re  
rise occurred over  t h e  a f t  70% of t he  chord. The tests i n d i c a t e d  t h a t  from t h e  
s t andpo in t  of  minimum energy l o s s  i t  was advantageous t o  maintain a  t h i n  bound- 
a ry  l a y e r  by means o f  s t r o n g  s u c t i o n  i n  t h e  forward reg ion  where t h e  p re s su re  
g r a d i e n t  was s t r o n g e s t .  Weaker s u c t i o n  wi th  i n c r e a s i n g  boundary l a y e r  t h i cknes s  
was then p o s s i b l e  i n  t h e  a f t e r  s e c t i o n  where t h e  flow d e c e l e r a t i o n  was l e s s .  
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358. Pfenninger ,  Werner: I n v e s t i g a t i o n  of  t he  Behavior of  Boundary Layer 
Suct ion i n  Decelerated Flows. Volume 11: Appl ica t ion  of  Resul t s .  
AFFDL-TR-68-117, Vol. 11, U . S .  A i r  Force,  Aug. 1968. (Avai lab le  from 
DDC a s  AD 395 145 , )  
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359. Mee, Thomas R. :  An I n v e s t i g a t i o n  of Atmospheric Fac to r s  That May Af fec t  
Laminar Flow Control .  MR164, R212a, Meteorology Research, Inc .  , Dec. 1, 
1964. 

A b r i e f  i n v e s t i g a t i o n  was conducted t o  o b t a i n  an e s t ima te  of t h e  frequency 
of  occurrence of  atmospheric condi t ions  t h a t  might have an adverse e f f e c t  on 
laminar-f low-control a i r c r a f t .  The i n v e s t i g a t i o n  a l s o  involved a  f e a s i b i l i t y  
s tudy  of  ins t rumenta t ion  t h a t  would be app rop r i a t e  f o r  i n s t a l l a t i o n  on t h e  X-21 
a i r c r a f t  t o  h e l p  i n  making a  q u a n t i t a t i v e  eva lua t ion  o f  t he  e f f e c t s  of atmo- 
s p h e r i c  f a c t o r s  o f  i n t e r e s t .  

Resu l t s  of  t h e  i n v e s t i g a t i o n  i n d i c a t e  t h a t  i n  t h e  25,000-foot regime o f  
p r e s e n t  i n t e r e s t  (from an a l t i t u d e  of approximately 20,000 f e e t  t o  45,000 f e e t )  
t he re  i s ,  on a  world-wide b a s i s ,  a  l i k e l i h o o d  o f  25 t o  50 p e r  c e n t  t h a t  v i s i b l e  
c louds o r  a i rbo rne  i c e - c r y s t a l  a e r o s o l s  would be found somewhere w i th in  t h e  
regime. This  does n o t  mean t h a t  an a i r c r a f t  f l y i n g  wi th in  t h i s  a l t i t u d e  zone 
would n e c e s s a r i l y  be i n  c louds t h a t  percentage of t h e  t ime,  s i n c e  t h e  average 
cloud th i cknes s  would seldom exceed about 5000 f e e t .  A t  some s p e c i a l  geographi- 
c a l  l o c a t i o n s ,  such a s  above t h e  t r o p i c a l  convergence zone, t h e  p r o b a b i l i t y  o f  
f i nd ing  c i r r u s  c louds w i l l  q u i t e  l i k e l y  be g r e a t e r  than 50 p e r  cen t .  A t  o t h e r  
l o c a t i o n s ,  such a s  i n  s u b t r o p i c a l  high p re s su re  a r e a s ,  t he  p r o b a b i l i t y  o f  
encounter ing clouds a t  any a l t i t u d e  would be s i g n i f i c a n t l y  l e s s  than 25 p e r  c e n t  
and would probably approach zero .  Even though the  occurrence of high c louds  
appears  t o  be r a t h e r  common, a  c a r e f u l  cons ide ra t i on  o f  t h e  d a t a  a v a i l a b l e  has  
l e d  t o  t he  t e n t a t i v e  conclusion t h a t  long-range f l i g h t s  can be conducted i n  a  
c loud-free environment f o r  a l l  b u t  a  very smal l  percentage of t he  time. I f  t h e  
f l i g h t  l e v e l  i s  c a r e f u l l y  chosen and i f  it i s  a l t e r e d  app rop r i a t e ly  whenever 
c louds a r e  encountered,  it should be p o s s i b l e  t o  avoid  clouds throughout t h e  
g r e a t e s t  p o r t i o n  o f  a  f l i g h t  over  most of  t h e  world. 

From t h e  i n s t r u m e n t - f e a s i b i l i t y  s tudy it was concluded t h a t  s e v e r a l  atmo- 
s p h e r i c  parameters  should be measured from t h e  X-21. These parameters i nc lude  
atmospheric tu rbulence ,  e l e c t r i c  charge on t h e  a i r c r a f t ,  cloud p a r t i c l e  s i z e  d i s -  
t r i b u t i o n ,  hydrometeor type ,  and humidity i f  pos s ib l e .  I n  add i t i on  it was con- 
cluded t h a t  ins t rumenta t ion  should be included t o  g ive  t he  f l i g h t  crew t h e  
c a p a b i l i t y  of e l e c t r i c a l l y  charging and d i scha rg ing  t h e  a i r c r a f t  i n  f l i g h t .  
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360. G laue r t ,  Muriel:  A Method of Cons t ruc t ing  t h e  Pa ths  of  Raindrops o f  Dif- 
f e r e n t  Diameters Moving i n  t he  Neighbourhood o f  (1) a C i r c u l a r  Cyl inder ,  
( 2 )  an Aero fo i l ,  Placed i n  a  Uniform Stream of A i r ;  and a  Determination 
of  t he  Rate of Deposit  of  t h e  Drops on t h e  Surface and t h e  Percentage o f  
Drops Caught. R. & M .  No. 2025, B r i t i s h  A . R . C . ,  Nov. 10,  1940. 

The p r e s e n t  i n v e s t i g a t i o n  has  been undertaken wi th  a  view t o  determining 
t h e  pa ths  of  ra indrops  o f  d i f f e r e n t  s i z e s  (1) i n  f r o n t  of  a  c i r c u l a r  c y l i n d e r ,  
(2 )  near  t h e  nose of  an a e r o f o i l ,  moving i n  a  uniform s t ream of  a i r .  The r a t e  
of  d e p o s i t  of  t h e  drops on t h e  su r f ace  was a l s o  c a l c u l a t e d  and t h e  percentage  o f  
drops caught was determined. 

Such an i n v e s t i g a t i o n  was suggested by Prof .  G. I .  Taylor  i n  R. & M. 2024 
( Jan .  , 1940) d e a l i n g  with t h e  problem of  de- ic ing.  
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361. E f f e c t  of Clouds on LFC Appl ica t ions .  Sys t .  Eng. Group, Res. & Technol. 
Div. , Wright-Patterson AFB, Dec. 1964. (Avai lab le  from DDC a s  
AD 454 476.) 

This i s  a  pre l iminary  ope ra t i ons  r e sea rch  s tudy on t h e  e f f e c t  c louds would 
have on laminar flow c o n t r o l  (LFC) i n  cargo and t r a n s p o r t  a p p l i c a t i o n s .  This  
s tudy assumes t h a t  LFC does n o t  work i n  v i s i b l e  c louds r ega rd l e s s  o f  t h e i r  
makeup b u t  t h a t  it does work p e r f e c t l y  ou t s ide  o f  v i s i b l e  c louds.  Expected 
cloud experience i s  converted i n t o  equ iva l en t  head wind experience and compared 
wi th  wind d a t a .  The s tudy concludes t h a t  c louds w i l l  probably have a sma l l e r  
adverse e f f e c t  on range than winds. 
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362. Ha l l ,  G. R . :  On t h e  Mechanics of T rans i t i on  Produced by P a r t i c l e s  Pas s ing  
Through an I n i t i a l l y  Laminar Boundary Layer and t h e  Estimated E f f e c t  on 
t he  LFC Performance of  t h e  X-21 A i r c r a f t .  Northrop Corp., Oct. 1964. 

Numerous f l i g h t  t e s t s  of t h e  X-21 a i r c r a f t  have shown t o t a l  l o s s  of  LFC 
while f l y i n g  w i t h i n ,  o r  i n  the  proximity o f ,  v i s i b l e  c louds .  I n  a d d i t i o n ,  
e r r a t i c  LFC performance has  been observed i n  condi t ions  o f  l i g h t  haze when t h e  
humidity of  t h e  a i r  i s  r e l a t i v e l y  high.  

An i n v e s t i g a t i o n  of t he  phenomena which might account f o r  l o s s  of  LFC i n ,  
o r  near  c louds and f o r  t h e  e r r a t i c  performance i n  l i g h t  haze has  been conducted. 
The phenomena considered i n  t he  i r v e s t i g a t i o n  a r e  c l a s s i f i e d  a s  e i t h e r  thermo- 
dynamic e f f e c t s  o r  mechanical e f f e c t s .  The r e s u l t s  der ived  from t h e  s tudy of  
thermodynamic e f f e c t s  a r e  documented i n  Reference 1. A 1 1  of  t he  thermodynamic 
phenomena considered appeared h ighly  un l ike ly  i n  con t r ibu t ing  t o  t h e  l o s s  o f  LFC 
i n  clouds and Light  haze cond i t i ons ,  The r e s u l t s  and conclusions from t h e  s tudy  



of mechanical e f f e c t s ,  which have l e d  t o  probable i d e n t i f i c a t i o n  of the problem, 
a r e  presented  i n  t h i s  document. Recommendations f o r  follow-on work a r e  a l s o  
presented .  
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363. Worth, R. N . :  E f f e c t  of Environmental Exposure on Boundary Layer Control  
Sur faces  and Operations.  Rep. No. NOR-61-211 (BLC-133), Northrop Corp., 
Sept .  1961. 

The o b j e c t  of  t hese  i n v e s t i g a t i o n s  was t o  determine t h e  e f f e c t s  of exposure 
t o  va r ious  c l i m a t i c  environment on t y p i c a l  boundary l a y e r  c o n t r o l  s k i n  configu- 
r a t i o n s  wi th  r e s p e c t  t o  t h e  ope ra t iona l  c h a r a c t e r i s t i c s  and maintenance r equ i r e -  
ments of  t he  suc t ion  system. 

Author 
A v a i l a b i l i t y :  

NOR-61-211 (BLC-133) 
N79-77154 

364. H i l l ,  W. L. : E f f e c t  of  Weathering on Nonperforated Honeycomb Core Adhesives 
Required f o r  Use i n  Boundary Layer Construct ion.  Rep. No. NOR-60-261, 
Northrop Corp., Aug. 29, 1960. (Avai lable  from DDC a s  AD 294 275.) 

The purpose o f  t h i s  work was t o  determine i f  an unsealed s u l f u r i c  a c i d  
anodized su r f ace  i s  acceptable  f o r  bonding purposes i n  boundary l a y e r  construc-  
t i o n ,  t o  determine i f  bonded honeycomb assemblies  can be  s u l f u r i c  a c i d  anodized 
and sea l ed  wi thout  degradat ion of t h e  honeycomb bond o r  t h e  honeycomb c o r e ,  and 
t o  choose the  b e s t  nonperforated honeycomb core adhesive f o r  use i n  boundary 
l a y e r  cons t ruc t ion .  I t  was concluded t h a t  s u l f u r i c  a c i d  anodizing of s k i n s  
p r i o r  t o  bonding i s  n o t  s a t i s f a c t o r y  f o r  boundary l a y e r  a p p l i c a t i o n s  because of 
t he  i n f e r i o r  low temperature (-67O~) bond s t r e n g t h s  and because i t  does n o t  
so lve  the  cor ros ion  problem p e c u l i a r  t o  boundary l a y e r  cons t ruc t ion .  Therefore,  
it i s  recommended t h a t  s u l f u r i c  a c i d  anodizing p r i o r  t o  bonding should n o t  be 
considered f o r  use i n  boundary l a y e r  cons t ruc t ion .  

Author 
A v a i l a b i l i t y :  

N65-85878 
NOR-60 -26 1 
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365. Worth, R. N.  : E f f e c t  of Weathering on Typical. Bonded Boundary Layer Control  
S t r u c t u r e .  Summary of Laminar Boundary Layer Control  Research - 
Volume 11, ASD-TDR-63-554, U.S. A i r  Force, Mar. 1964, pp.  809-821. 
(Avai lable  from DDC a s  AD 605 186.) 

The weathering t e s t s  on boundary l a y e r  con t ro l  pane ls  conducted dur ing  t h i s  
program i n d i c a t e d  t h a t  suc t ion  flow r a t e s  can be he ld  t o  wi th in  2.5 pe rcen t  o f  
t he  des ign  va lues  with p r e s e n t  methods f o r  washing and steam c leaning  of  a i r -  
c r a f t .  Resul t s  from s a l t  spray exposure t e s t s  i nd ica t ed  t h e  d e s i r a b i l i t y  of 



provid ing  p r o t e c t i o n  f o r  t he  s l o t s  and h o l e s  by e i t h e r  an anodizing o r  an 
L r i d i t i n g  process .  Ground opera t ion  o r  s to r age  of  BLC a i r c r a f t  wi thout  s p e c i a l  
p r o t e c t i o n  seems f e a s i b l e .  Resu l t s  of t h e  ninety-day i n d u s t r i a l  exposure and 
t h e  sixty-d-ay t r o p i c a l  exposure t e s t s  i n d i c a t e  t h a t  vacuum c lean ing  from t h e  
s l o t  s i d e  on ly  can r e s t o r e  t h e  flow r a t e  t o  w i th in  5 pe rcen t  of  t h e  o r i g i n a l  
value while  steam c l ean ing  a t  100 p s i  from t h e  s l o t  s i d e  only can r e s t o r e  t h e  
flow r a t e  t o  w i th in  1 .5  pe rcen t  of t h e  o r i g i n a l  va lues .  The r e s u l t s  of  t he  
metal  t o  metal  s t r e n g t h  t e s t s  t o  determine adhesive s t r e n g t h  c h a r a c t e r i s t i c s  
showed no d e t e r i o r a t i o n  o f  t h e  bond du r ing  the  weather ing exposures.  The 
r e s u l t s  of t h e  honeycomb p e e l  and t e n s i l e  t e s t s  i n d i c a t e d  t h a t  t he  adhesive was 
a t t acked  somewhat by humidity weather ing condi t ions .  However, a l l  s t r e n g t h  
va lues  were adequate f o r  f u t u r e  LFC work. 
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A v a i l a b i l i t y :  
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366. Goldsmith, J . :  Laminar Flow a t  t h e  Junc tu re  of Two Aeroplane Components. 
Boundary Layer and Flow Cont ro l ,  Volume 2, G .  V .  Lachmann, ed . ,  Pergamon 
P re s s ,  1961, pp. 1000-1006. 

The approach t o  t h e  problem of maintaining laminar flow p a s t  a  juncture  i s  
complicated by t h e  f a c t  t h a t  gene ra l l y  t h e  p re s su re  f i e l d  on t h e  su r f ace  of  a t  
l e a s t  one of t h e  i n t e r s e c t i n g  components i s  3-dimensional i n  na tu re .  Using 
W. P f enn inge r ' s  2-dimensional r e s u l t s  a s  a  guide,  t h e  3-dimensional requirements  
can be e s t ima ted .  Suc t ion  i s  accomplished by use of s l o t s  t o  provide t h e  es t i -  
mated va lues .  Experimental r e s u l t s  v e r i f y  t h e  p r e d i c t i o n s  t o  a  degree s a t i s -  
f ac to ry  f o r  i n i t i a l  des igns .  

367. Pfenninger ,  W .  ; and Meyer, W. A. : C r i t i c a l  Wing Wake Reynolds Numbers f o r  
Laminar Flow on a  Fuselage Downstream o f  a  Wing Root Junc ture .  Rep. 
No. NAI-54-560, Rep. No. BLC-58, Northrop A i r c r a f t ,  I n c . ,  Aug. 1954. 
(Also a v a i l a b l e  i n  Summary o f  Laminar Boundary Layer Control  Research, 

WADC Tech. Rep. 56-111, U . S .  A i r  Force,  Apr. 1957, pp. 184-203. 
(Avai lable  from DDC a s  AD 130 759 . ) )  

Complete laminar  flow was maintained i n  an 8-inch I D  37-foot s t r a i g h t  tube 
downstream o f  a  laminar  suc t ion  wing l o c a t e d  i n  t h e  en t r ance  nozzle  o f  t he  t ube ,  
by means of  boundary l a y e r  suc t ion  on t h i s  wing. Acce le ra t ion  between t h e  suc- 
t i o n  wing and t h e  tube considerably i nc reased  t h e  c r i t i c a l  wake Reynolds number 
a t  t he  t r a i l i n g  edge o f  t h i s  s u c t i o n  wing. The same c r i t i c a l  wake Reynolds num- 
b e r s  a s  on t h i s  suc t ion  wing were observed behind c i r c u l a r  cy l inde r s  and f l a t  
p l a t e s ,  under otherwise t he  same condi t ions .  The c r i t i c a l  wake Reynolds number 
was i ~ o t  apprec iab ly  a f f e c t e d  by t h e  tube l eng th  Reynolds number wi th  laminar flow 
wi th in  a  range of  5 .6  - l o 6  t o  35 - l o 6 .  

A t u r b u l e n t  wake i n  t h e  middle of t h e  rube d i d  n o t  a f f e c t  t r a n s i t i o n  a t  
5 - 6  . l o6  tube length  Reynolds number a s  long a s  the  edge of  t h e  t u r b u l e n t  wake 
d i d  n o t  extend t o o  c lo se  t o  t he  edge of t he  laminar  boundary l a y e r  o f  t h e  tube.  



These experiments t hus  confirm t h a t  considerably l a r g e r  c r i t i c a l  wake 
Reynolds numbers ( f o r  laminar flow on t h e  r e a r  fuse lage)  i n  t h e  reg ion  of  a wing 
fuse lage  junc ture  can be t o l e r a t e d  by a-cceleratbng t h e  flow l o c a l l y  downstream 
of t h e  t r a i l i n g  edge of t he  junc ture .  Thin t u r b u l e n t  wakes, o r i g i n a t i n g  from 
the  t r a i l i n g  edge of  laminar s u c t i o n  wings, can probably be t o l e r a t e d  a t  r e l a -  
t i v e l y  smal l  d i s t a n c e s  from t h e  fuse lage  su r f ace .  

Besides  wing fu se l age  junc tures ,  t h e s e  r e s u l t s  a r e  a l s o  app l i cab l e  t o  
i n t e r s e c t i o n s  between a fuse lage  o r  a n a c e l l e  wi th  wings, s t r u t s ,  t a i l  s u r f a c e s ,  
e t c . ,  of  a laminar  suc t ion  a i r p l a n e ,  and poss ib ly  t o  b lade  r o o t  i n t e r s e c t i o n s  i n  
c e r t a i n  turbo-machines and p r o p e l l e r s .  

Fu r the r  work i s  r equ i r ed  i n  o r d e r  t o  develop laminar  flow junc tures  wi th  
laminar  flow on t h e  r e a r  fu se l age .  
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368. Pfenninger ,  W . ;  and S ipe ,  0.  E . ,  Jr.:  Note on t h e  Reduction o f  Wing-Strut 
I n t e r f e r e n c e .  Rep. No. NAI-55-289 (BLC-74), Northrop A i r c r a f t ,  I n c . ,  
Mar. 1955. (Avai lable  from DDC a s  AD 74 865 (d)  . ) 

With the  low f r i c t i o n  drag on laminar  s u c t i o n  a i r p l a n e s ,  t h e  induced d rag  
is  becoming i n c r e a s i n g l y  important ,  e s p e c i a l l y  a t  h igh  a l t i t u d e s .  Long wings 
with low induced drag  a r e  t h e r e f o r e  p r e f e r a b l e  i n  o r d e r  t o  o b t a i n  t h e  f u l l  bene- 
f i t  from low drag  s u c t i o n ,  provided such long wings can be b u i l t  s u f f i c i e n t l y  
l i g h t  i n  weight.  I t  has  been suggested t h a t  a s t ru t -b raced  wing des ign  be used 
t o  reduce t h e  s t r u c t u r a l  weight of such long wings. The sav ing  i n  induced drag  
wi th  a s t ru t -b raced  des ign  could be considerably l a r g e r  than i n  t h e  p a r a s i t e  
d rag  of  t he  s t r u t ,  f o r  t h e  same c r i t i c a l  Mach number, provided t h e  advantages o f  
a s t r u t - b r a c e d  cons t ruc t ion  a r e  f u l l y  u t i l i z e d  & t he  i n t e r f e r e n c e  drag  between 
wing & s t r u t  i s  k e p t  a t  a minimum. I n  o rde r  t o  reduce t he  i n t e r f e r e n c e  drag  
between wing and s t r u t  & t o  ob t a in  a high c r i t i c a l  Mach number on the  lower wing 
su r f ace  and t h e  s t r u t ,  c a r e  must be taken t o  ob t a in  a smooth p re s su re  d i s t r i b u -  
t i o n  without  excess ive  nega t ive  p r e s s u r e  peaks on t h e  s t r u t  and t h e  lower wing 
s u r f a c e .  Bas i ca l l y ,  t h i s  can be achieved by c u t t i n g  o u t  p a r t  of t h e  lower wing 
su r f ace  i n  t h e  reg ion  of  t h e  s t r u t ,  t hus  provid ing  more c ross -sec t ion  and reduced 
v e l o c i t i e s  i n  t h e  gap between wing & s t r u t .  The e f f e c t s  of  such cu tou t s  on t h e  
flow i n  the  gap between t h e  wing & s t r u t  were i n v e s t i g a t e d .  
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369. Bacon, John W . ,  Jr.; F i u l ,  A . ;  and Pfenninger ,  W.:  WADC 10-Ft Transonic  
Wind Tunnel Tes t s  on Strut-Braced Boundary Layer Airplane.  NAE-57-826, 
Rep. No. BLC-99, Northrop A i r c r a f t ,  I nc . ,  June 1957, (Avai lab le  from 
DDC a s  AD 140 583 ( a )  .) 

The a p p l i c a t i o n  of  suc t ion  boundary l a y e r  c o n t r o l  t o  a i r p l a n e s  r e s u l t s  i n  a  
very low va lue  f o r  f r i c t i o n  drag.  Consequently, t h e  drag  due t o  l i f t  becomes 
the  major p o r t i o n  o f  t h e  t o t a l  subsonic  a i r p l a n e  drag.  Since t h e  drag  due t o  
l i f t  i s  reduced by inc reas ing  t h e  wing span,  t h e  des igner  of a  laminar  suc t ion  
a i r p l a n e  f i n d s  t h a t  s t ru t -b rac ing  wings l e a d s  t o  b e t t e r  range and a l t i t u d e  
performance. 

I n  o r d e r  t o  v e r i f y  t he  t r anson ic  c h a r a c t e r i s t i c s  and wave d rag  of  a  s t r u t -  
braced con f igu ra t i on ,  t h e  s u b j e c t  model of  t h i s  r e p o r t  was b u i l t  f o r  t h e  WADC 
10-Ft Transonic  Wind Tunnel. 

The r e s u l t s  of t h e  t e s t  a r e  s a t i s f a c t o r y .  The d rag  rise i s  delayed t o  a  
Mach number of  a lmost  0.9 wi th  t h e  35O swept wing. In  a d d i t i o n ,  t h e  maximum L/D 
r a t i o  of  over  19 f o r  an average wing chord Reynolds number of 1 x lo6  i s  q u i t e  
good. Moreover, t h e  s c h l i e r e n  p i c t u r e s  sugges t  t h a t  f u r t h e r  de l ay  i n  drag  r i s e  
and r educ t ion  of wave drag  could be a t t a i n e d  by improving t h e  wing-fuselage 
f a i r i n g .  

Author 
A v a i l a b i l i t y :  
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370. Pfenninger ,  W . :  Fu r the r  Basic  I n v e s t i g a t i o n s  on t h e  C r i t i c a l  Wing Wake 
Reynolds Number f o r  Laminar Flow on a  Fuselage Downstream o f  a Wing 
Fuselage Junc ture .  Rep. No. NAI-57-659, Rep. No. BLC-96, Northrop A i r -  
c r a f t ,  I n c . ,  May 1957. (Avai lable  from DDC a s  AD 140 5 8 9 ( a ) . )  

This  experiment confirms t h a t  r e l a t i v e l y  l a r g e  c r i t i c a l  wake Reynolds num- 
be r s  f o r  laminar  flow on t h e  r e a r  fu se l age  a r e  p o s s i b l e  i n  t h e  reg ion  of  t h e  
wing fu se l age  juncture  w i t h  a  s u f f i c i e n t  flow a c c e l e r a t i o n  downstream o f  t h e  
wing t r a i l i n g  edge i n  t h e  juncture  region.  
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371. Goldsmith, J . :  Prel iminary Experiments on the  Maintenance o f  Laminar Flow 
by Means of Suct ion i n  t he  Region o f  a  Wing Leading Edge and Fuselage 
Junc ture .  Rep. No. NAI-58-249 (BLC-106) , Northrop A i r c r a f t  , Inc .  , 
Apr. 1958. 



The experimental  r e s u l t s  demonstrated t h a t  laminar flow i s  p o s s i b l e  f o r  t he  
upstream reg ion  of t h e  junc ture  and t h a t  t he  suc t ion  requirements  f o r  mainte- 
nance of  laminar flow p a s t  t h e  l ead ing  edge o f  a wing fu se l age  juncture  need no t  
exceed about 6 t he  suc t ion  requirements  of t he  i s o l a t e d  wing i f  t h e  wing i s  of 
moderate o r  g r e a t e r  a s p e c t  r a t i o .  Not a l l  o f  t h i s  suc t ion  is  d i r e c t l y  charge- 
ab l e  t o  t h e  junc ture  s i n c e  some suc t ion  would be r equ i r ed  i n  t h i s  reg ion  even 
on an i s o l a t e d  fu se l age .  Improvements i n  des ign  technique w i l l  probably r e s u l t  
i n  a d d i t i o n a l  r educ t ions  i n  t h e  suc t ion  requirements.  The r e s u l t s  gave no i n d i -  
c a t i o n  t h a t  laminar  flow could n o t  be extended t o  o r  beyond t h e  t r a i l i n g  edge. - 

Since t h e  design and experimental  r e s u l t s  a r e  be l i eved  t o  be unprecedented 
they a r e  descr ibed  i n  somewhat more d e t a i l  than usua l .  I n  p a r t i c u l a r ,  t he  com- 
pa r i son  o f  t h e  des ign  c r i t e r i a  wi th  t h e  experimental  r e s u l t s  may se rve  a s  a 
guide f o r  f u t u r e  des igns .  
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372. Goldsmith, J . :  Experiments With Laminar Flow Near t h e  Junc ture  o f  a 
Fuselage and Wing T r a i l i n g  Edge. Rep. NOR-59-306 (BLC-120), Northrop 
A i r c r a f t ,  Inc .  , June 1959. 

It was demonstrated t h a t  it i s  p o s s i b l e  t o  achieve laminar flow i n  and down- 
s t ream of  t h e  juncture  of  a wing and f l a t  p l a t e .  Laminar flow was f a c i l i t a t e d  
by i n s t a l l i n g  two sma l l  vo r t ex  gene ra to r s  i n  t h e  wing t r a i l i n g  edge near  t h e  
i n t e r s e c t i o n  o f  t h e  wing and p l a t e .  This  tends  t o  "sweep" t h e  wing wake away 
from t h e  p l a t e .  

A v a i l a b i l i t y :  
SN-24021, June 1959 
N79-77133 

373. Gregory, N . ;  and Walker, W. S . :  Wind-Tunnel Tes t s  on t h e  Use of D i s -  
t r i b u t e d  Suc t ion  f o r  Maintaining Laminar Flow on a Body o f  Revolut ion.  
R. & M. No. 3145, B r i t i s h  A.R.C. ,  1960. 

Experiments were c a r r i e d  o u t  i n  t h e  Nat ional  Phys ica l  Laboratory 
13 - f t  x 9 - f t  Wind Tunnel on a 15 - f t  long body of r evo lu t ion  of  f i nenes s  r a t i o  
1 0 : l .  Observat ions were made of  t h e  e f f e c t s  of  Reynolds number, yaw, and of 
i s o l a t e d  excresences  on t h e  p o s i t i o n  o f  t r a n s i t i o n  on t h e  s o l i d  body, and t h e  
p o s s i b i l i t i e s  of  i n c r e a s i n g  the  e x t e n t  o f  laminar  flow by means o f  a r e a  s u c t i o n  
were examined. 

A t  ze ro  angle  of  yaw, t h e  maximum Reynolds number a t  t r a n s i t i o n  on a s o l i d  
ve r s ion  of t h e  body was 4+ mi l l i on .  When t h e  body was s e t  a t  a smal l  ang le  of 
yaw, t h e  t r a n s i t i o n  p o s i t i o n  was much f a r t h e r  forward along c e r t a i n  gene ra to r s  
of  t h e  body than on o t h e r s ,  owing t o  t h e  i n s t a b i l i t y  o f  t he  three-dimensional 
boundary l a y e r .  The c r i t i c a l  he igh t s  of  small  con ica l  excrescences which j u s t  



p r e c i p i t a t e d  t r a n s i t i o n  were found t o  be much t h e  same a s  those  r equ i r ed  on a  
two-dimensional a e r o f o i l .  

The ' s u c t i o n '  vers ion  of  t he  body was porous over  t h e  c e n t r a l  t h i r d  of  t he  
l eng th  and was a t t ached  t o  the  overhead tunne l  balance by means of  a  porous 
wing. There appeared t o  be no fundamental d i f f i c u l t y  i n  ob t a in ing  extended 
laminar  flow over  the  body wi th  d i s t r i b u t e d  suc t ion  up t o  a  t unne l  speed o f  
80 f t / s e c .  Even with laminar  flow r i g h t  around the  i n t e r s e c t i o n  t o  t h e  t r a i l i n g  
edge o f  t h e  wing, t he  laminar wake from t h e  wing r ap id ly  became t u r b u l e n t  down- 
s t ream of t he  t r a i l i n g  edge and gave r i s e  t o  a  spreading wedge o f  t u r b u l e n t  
boundary l a y e r  on the  body. Fu r the r  i n v e s t i g a t i o n  of t h i s  d i f f i c u l t y  would b e s t  
be c a r r i e d  o u t  on a  simple p a r t  model, such a s  t h e  junct ion of  a  s t u b  wing w i t h  
a  f l a t  p l a t e .  

P a r t l y  i n  consequence of  t he  l a r g e  suc t ion  q u a n t i t y  needed f o r  laminar flow, 
and p a r t l y  because t h e  flow on t h e  body i n  the  wake of  t h e  wing and a f t  of  0 .82  
o f  t h e  body l eng th  remained t u r b u l e n t  when suc t ion  was app l i ed ,  t h e r e  was on ly  a  
smal l  reduc t ion  i n  t h e  e f f e c t i v e  drag  c o e f f i c i e n t  of  t h e  model with suc t ion .  
The a n a l y s i s  shows, however, t h a t  t h e  p o t e n t i a l  gains  a t  high Reynolds numbers 
would be l a r g e ,  provided t h e  porous su r f ace  were s a t i s f a c t o r i l y  smooth and 
extended s u f f i c i e n t l y  f a r  back t o  enable  f u l l - l e n g t h  laminar  flow t o  be achieved. 
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374. Clauser ,  Milton; and Clauser ,  Franc is :  The E f f e c t  o f  Curvature on the  
T rans i t i on  From Laminar t o  Turbulent  Boundary Layer. NACA TN 613, 1937. 

I n  t he  f low over t he  upper su r f ace  o f  a  wing, a  discrepancy between t h e  pre-  
d i c t e d  and a c t u a l  p o i n t  of  t r a n s i t i o n  from laminar t o  t u r b u l e n t  boundary l a y e r  
had been found. This  e f f e c t  may be  due t o  t h e  comparatively small  r a d i u s  o f  
curva ture  of  t h e  upper su r f ace  of t h e  wing. The p r e s e n t  t e s t s  were undertaken 
t o  i n v e s t i g a t e  t h i s  e f f e c t .  

Three t ypes  of measurement were made: ( a )  Traverses  were made wi th  a  t o t a l -  
head tube t o  determine the  c h a r a c t e r  of  t h e  boundary l a y e r  a t  var ious  Reynolds 
Numbers. ( b )  The turbulence d i s t r i b u t i o n  i n  t h e  boundary l a y e r  was i n v e s t i g a t e d  
by means of a  h o t  wire and a  vacuum-tube ampl i f i e r .  ( c )  A s i m i l a r  i n v e s t i g a t i o n  
o f  t h e  mean v e l o c i t y  d i s t r i b u t i o n  i n  t h e  boundary l a y e r  was made by a  hot-wire 
anemometer. I t  was found t h a t ,  by u s ing  an abbrev ia ted  form of  t he  tu rbulence-  
l e v e l  t r a v e r s e s ,  c r i t i c a l  Reynolds Numbers f o r  the  t r a n s i t i o n s  could be e s t a b -  
l i s h e d .  These c r i t i c a l  Reynolds Numbers a r e  p l o t t e d  a s  a  func t ion  o f  t h e  r a t i o  
o f  t h e  d i s t a n c e  of  t h e  t r a n s i t i o n  from the  l ead ing  edge o f  t h e  p l a t e  t o  t he  
r a d i u s  o f  curva ture  of  t h e  p l a t e  f o r  both t h e  convex and concave s i d e  o f  t h e  
p l a t e .  The experimental  p o i n t s  f o r  t he  convex and concave s i d e  of t h e  s h e e t  a r e  
c o n s i s t e n t  w i t h  each o t h e r ,  The v a r i a t i o n  i s  o f  such an o r d e r  of magnitude t h a t  
t h e  curva ture  o r d i n a r i l y  used on t h e  upper su r f ace  of an a i r p l a n e  wing might 
double t h e  c r i t i c a l  Reynolds number. 
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375. G o r t l e r ,  H . :  On t h e  Three-Dimensional I n s t a b i l i t y  of  Laminar Boundary 
Layers on Concave Walls. NACA TM 1375, 1954. 

This  i s  a  s tudy of t he  s t a b i l i t y  of laminar  boundary-layer p r o f i l e s  on 
s l i g h t l y  curved w a l l s  r e l a t i v e  t o  smal l  d i s tu rbances ,  i n  the  shape of  v o r t i c e s ,  
whose axes a r e  p a r a l l e l  t o  t h e  p r i n c i p a l  d i r e c t i o n  of flow, The r e s u l t  i n  an 
eigenvalue problem by which, f o r  a  given undis turbed  flow a t  a  p r e sc r ibed  w a l l ,  
t he  ampl i f i ca t i on  o r  decay i s  computed f o r  each Reynolds number and each vo r t ex  
t h i cknes s .  For n e u t r a l  d i s turbances  ( ampl i f i ca t i on  n u l l )  a  c r i t i c a l  Reynolds 
number i s  determined f o r  each vo r t ex  d i s t r i b u t i o n .  The numerical c a l c u l a t i o n  
produces ampl i f ied  d i s tu rbances  on concave w a l l s  only.  The v a r i a t i o n  of  t h e  

dimensionless  wi th  r e s p e c t  t o  O L ~  is only  s l i g h t l y  dependent on t h e  v 
shape of  t h e  boundary-layer p r o f i l e .  The numerical r e s u l t s  y i e l d  information 
about s t a b i l i t y  l i m i t ,  range o f  wave l eng th  o f  v o r t i c e s  t h a t  can be ampl i f ied ,  
and about  t he  most dangerous v o r t i c e s  wi th  regard  t o  t h e  t r a n s i t i o n  from laminar  
t o  t u r b u l e n t  flow. A t  t h e  very f i r s t  appearance o f  ampl i f ied  v o r t i c e s  t h e  flow 
s t i l l  i s  e n t i r e l y  r e g u l a r ;  t r a n s i t i o n  t o  t u r b u l e n t  flow may n o t  be expected 
u n t i l  t h e  Reynolds numbers a r e  h igher .  
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376. Smith, A .  M. 0.:  On t h e  Growth o f  Taylor-Gort ler  Vor t ices  Along Highly 
Concave Walls. Douglas A i r c r a f t  Rep. No. E.S. 17110, 1953. (Avai lab le  
from DDC a s  AD 106 824.) ( A n  e x c e l l e n t  vers ion  o f  t h i s  r e p o r t  may be  
found i n  9. Appl. Math., vo l .  X I I I ,  no. 3, O c t .  1955, pp. 233-262.) 

The primary o b j e c t i v e  of  t h i s  s tudy  was t o  prepare  a  c h a r t  f o r  computing 
the  growth o f  ~ a y l o r - ~ o r t l e r  v o r t i c e s  i n  laminar  flow along wa l l s  o f  both high 
and low concave curva ture .  ~ a y l o r - G 6 r t l e r  v o r t i c e s  a r e  streamwise v o r t i c e s  
having a l t e r n a t e  r i g h t -  and le f t -hand  r o t a t i o n  t h a t  develop i n  t h e  laminar 
boundary l a y e r  a long  a  concave su r f ace .  

The equa t ions  o f  motion a r e  der ived  anew and re-examined wi th  regard  t o  t he  
importance of  t he  va r ious  terms. The f i n a l  equa t ions  used i n  p repa ra t i on  o f  t h e  
c h a r t  a r e  shown t o  be v a l i d  f o r  r a d i i  of  curva ture  a s  smal l  a s  30 t i m e s  the 
boundary l a y e r  th ickness .  Furthermore, it i s  shown t h a t  t he  equa t ions  a r e  n o t  
r e s t r i c t e d  i n  v a l i d i t y  t o  cases  of  cons t an t  wal l  cu rva tu re ,  cons t an t  f r e e  s t ream 
v e l o c i t i e s ,  o r  t o  boundary l a y e r s  o f  cons t an t  th ickness .  Whereas t h e  prev ious  
ana lyses  by G. I .  Taylor and ~ o r t l e r  assumed the  vo r t ex  t o  grow exponen t i a l l y  a s  
a  func t ion  of  t ime,  t h e  p r e s e n t  s tudy  r e c a s t s  t h e  growth i n t o  a  more convenient  
form i n  which t h e  vo r t ex  grows a s  a func t ion  o f  d i s t ance .  

The s o l u t i o n  i s  an eigenvalue problem, which i n  t h e  p r e s e n t  s tudy has  been 
so lved  mainly by Ga le rk in ' s  method, a  v a r i a t i o n a l  method. Both t h e  e igenvalues  
and t h e  e igenfunc t ions  a r e  presen ted ,  t h e  former i n  t h e  aforementioned c h a r t .  
I t  i s  p o s s i b l e  t o  compare t he  s o l u t i o n s  f o r  n e u t r a l  s t a b i l i t y  with those  given by 
G6r t l e r .  The two s o l u t i o n s  a r e  i n  approximate agreement, 



A second method of  s o l u t i o n  a l s o  i s  descr ibed .  This  method i s  be l i eved  t o  
o f f e r  considerable  improvement, provided a high-speed d i g i t a l  computer i s  a v a i l -  
a b l e .  One case was checked by t h i s  second method; t h e  two methods agreed 
wi th in  2%. 

F i n a l l y ,  t h e  s t a b i l i t y  c h a r t  was app l i ed  t o  a l l  t h e  known experimental  d a t a  
concerning t h e  e f f e c t  of  concave curva ture  on t h e  t r a n s i t i o n  p o i n t .  The we l l  

known parameter R e c  is shown t o  be inadequate  a s  an i n d i c a t o r  o f  t he  t r a n s i -  

t i o n  p o i n t .  I n s t ead ,  the  experimental  d a t a  i n d i c a t e  t h a t  an apparen t  amplif  i c a -  

t i o n  f a c t o r ,  exp Jfi dx, i s  a much b e t t e r  measure. Avai lab le  r e s u l t s  show t h a t  

t r a n s i t i o n  of  t h i s  type w i l l  occur  when 56 dx reaches a value of  about t en .  - 
Author 
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377. Rogers, K .  H . :  P re l iminary  Experimental and Ana ly t i ca l  I n v e s t i g a t i o n s  o f  
a Two-Dimensional Wing With Concave Cutout and Auxi l ia ry  A i r f o i l .  Rep. 
No. NAI-57-1164, Rep. No. BLC-103, Northrop A i r c r a f t ,  I nc .  , Ju ly  1957. 

T rans i t i on  experiments were conducted i n  t h e  BLC-wind tunne l  i n  t he  reg ion  
of  a concave curva ture  on t h e  lower wing sur face  of  a t h i n  cambered a i r f o i l .  
The su r f aces  upstream and downstream of  t h e  concave reg ion  were f l a t .  A uniform 
chordwise v e l o c i t y  d i s t r i b u t i o n  a long  t h e  lower wing s u r f a c e  was achieved by 
means of an a u x i l i a r y  a i r f o i l  l o c a t e d  oppos i te  t o  t h e  lower wing concave su r f ace .  
T rans i t i on  due t o  Taylor-Goertler-type v o r t i c e s  generated by t h e  concave su r f ace  

occurred downstream of t h e  concave reg ion  f o r  an ampl i f i ca t i on  f a c t o r  I6 dx E 7. 

S i m i l a r  r e s u l t s  f o r  s t r o n g l y  a c c e l e r a t e d  flow on the  lower s u r f a c e  of  t h e  wing 
( a t  high angle  of  a t t a c k )  i n d i c a t e  t h a t  the  t r a n s i t i o n  due t o  Taylor-Goertler- 
type  v o r t i c e s  i s  s u b s t a n t i a l l y  independent of  t h e  chordwise v e l o c i t y  and 
p re s su re  d i s t r i b u t i o n .  
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378. Aihara, Yasuhiko: S t a b i l i t y  o f  t h e  Compressible Boundary Layer Along a 
Curved Wall Under ~ o r t l e r - ~ ~ ~ e  Disturbances.  Rep. No. 362, Aeronaut. 
Res. I n s t . ,  Univ. o f  Tokyo, Feb. 1961. 

The n e u t r a l  s t a b i l i t y  o f  t he  compressible laminar boundary l a y e r  along a 
curved wal l  is examined under three-dimensional d i s turbances  of  t h e  form of  a 



row of streamwise vortices. It is an extension to the compressible flow of the 
well-known Gortler's analysis on the stability of the corresponding incompress- 
ible flow. The calculations are carried out only for the two limiting cases in 
which the Mach number is much less than and much greater than unity respectively. 
The results indicate the general instability of the compressible boundary layer 
along a concave wall under three-dimensional disturbances. The critical values 
of the ~8rtler parameter ~ed(~/r) and wave number a*@ are reduced as the 
Mach number is increased. 
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379. ~ h e r l i n ,  G.: Uber die dreidimensionale ~nstabilitgt laminarer 

Grenzschichten. 2 .  Angew. Math. & Mech., vol. 35, no. 9/10, 1955, 
pp. 366-367. 

380. Tani, Itiro; and Aihara, Yasuhiko: ~ortler Vortices and Boundary-Layer 
Transition. Z. Angew. Math. Phys., vol. 20, Sept. 25, 1969, pp. 609-618. 

Current interpretation of the boundary-layer transition in the presence of 
~Grtler vortices. It is suggested that the effect of Gortler vortices on 
boundary-layer transition on a concave surface is rather indirect in that they 
are responsible for inducing a spanwise variation of boundary-layer thickness 
and modifying the development of instability oscillations (Tollmien-Schlichting 
waves). The breakdown of instability oscillations leading to turbulent motion 
appears first at the spanwise position where the boundary layer is thickest, the 
way in which the breakdown proceeds being somewhat different from that in a two- 
dimensional boundary layer on a flat plate. 
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381. Mzyk, E.: The Effect of Wall Curvature on the Hydrodynamic Stability of a 
Laminar Boundary Layer. Bull. Acad. Pol. Sci., Ser. Sci. Tech., 
vol. XVII, no. 4, 1969, pp. 31-38. 

Study of the effect of a convex, longitudinal wall on the hydrodynamic sta- 
bility of a laminar incompressible boundary layer with respect to a small per- 
turbing wave of the Tollmien-Schlichting type. The investigation is based on 
various assumptions regarding the curvature, the velocity distribution, and the 
pressure. It is concluded that a small longitudinal curvature of the wall 
imparts a small instability to the flow and affects the shape of the curve of 
neutral stability, so that for a positive wall curvature inviscid instability 



occurs  n o t  only f o r  v e l o c i t y  p r o f i l e s  with a  p o s i t i v e  p r e s s u r e  g r a d i e n t ,  b u t  
a l s o  f o r  p r o f i l e s  wi th  a ze ro  p re s su re  g rad i en t .  

382. a n t e l ,  L ione l :  ~ 8 r t l e r  I n s t a b i l i t y  of  Boundary Layers.  Phys. F lu ids ,  
vo l .  14, no. 4 ,  Apr. 1971, pp. 753-759. 

The problem of  c e n t r i f u g a l  i n s t a b i l i t y  o f  t h e  laminar  boundary l a y e r  over  a  
concave wa l l  i s  posed as  one of  convective i n s t a b i l i t y  p e n e t r a t i n g  i n  n e u t r a l l y  
s t a b l e  f l u i d .  I t  is found t h a t  t h e  p e r t u r b a t i o n s  have a  f i n i t e  wavenumber; t h e  
mechanism of  p e n e t r a t i o n  i s  t h e r e f o r e  e s s e n t i a l  f o r  t he  s e l e c t i o n  of  t h e  shape 
of  t h e  p e r t u r b a t i o n s .  The c r i t i c a l  cond i t i ons  f o r  a  number of  boundary-layer- 
l i k e  p r o f i l e s  a r e  computed and compared wi th  t h e  experimental  r e s u l t s .  I t  i s  
found t h a t  t he  s t a b i l i t y  c h a r a c t e r i s t i c s  o f  t h e  boundary l a y e r  depend on t h e  
presence o f  p o i n t s  o f  i n f l e c t i o n  i n  t h e  v e l o c i t y  p r o f i l e .  
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383. Bippes,  H . :  Experimental Study of  t h e  Laminar-Turbulent T rans i t i on  on a  
Concave Wall i n  a  P a r a l l e l  Flow. NASA TM-75243, 1978. 

The i n s t a b i l i t y  o f  t h e  laminar  boundary l a y e r  flow along a  concave wa l l  was 
s t u d i e d  exper imenta l ly .  De ta i l ed  observa t ions  o f  t he se  three-dimensional 
boundary l a y e r  phenomena were made us ing  t h e  hydrogen-bubble v i s u a l i z a t i o n  
technique.  With t he  a p p l i c a t i o n  of  stereo-photogrammetric methods i n  t h e  a i r -  
water system it  was p o s s i b l e  t o  i n v e s t i g a t e  t h e  flow p roces se s  q u a l i t a t i v e l y  
and q u a n t i t a t i v e l y .  I n  t h e  case  o f  a  concave wal l  o f  s u f f i c i e n t  cu rva tu re ,  a  
primary i n s t a b i l i t y  occurs  f i r s t  i n  t h e  form of  ~ 6 r t l e r  v o r t i c e s  wi th  wave 
l eng ths  depending upon t h e  boundary l a y e r  t h i cknes s  and t h e  wa l l  curva ture .  At 
t he  o n s e t  t he  ampl i f i ca t i on  r a t e  i s  i n  agreement wi th  t h e  l i n e a r  theory.  La t e r ,  
dur ing  t h e  non-l inear  ampl i f i ca t i on  s t a g e ,  p e r i o d i c  spanwise v o r t i c i t y  concen- 
t r a t i o n s  develop i n  t h e  low v e l o c i t y  region between the  l ong i tud ina l  v o r t i c e s .  
Then a  meandering motion o f  t h e  l ong i tud ina l  vo r t ex  streets subsequent ly  ensues,  
l e ad ing  t o  tu rbulence .  
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384. Mzyk, E . :  The E f f e c t  of  Curvature and Wall F l e x i b i l i t y  on t h e  Hydrodynamic 
S t a b i l i t y  o f  a  Laminar Boundary Layer. F lu id  Dyn. Trans. ,  vo l .  5 ,  
p t .  11, [1971], pp. 165-173. 

The behavior  o f  a laminar  incompressible  boundary l a y e r  flow i s  theore  ti- 
c a l l y  analyzed wi th  r e s p e c t  t o  i t s  hydrodynamic s t a b i l i t y  under t he  i n f luence  of  



curvature  o f  t h e  flow surrounding r i g i d  and f l e x i b l e  wal l s .  The obta ined  
r e s u l t s  a r e  compared with t h e  f i n d i n g s  o f  o t h e r  i n v e s t i g a t o r s .  
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385. Kahawita,  end A. ;  and Meroney, Robert N .  : The S t a b i l i t y  o f  P a r a l l e l ,  Quasi- 
P a r a l l e l  and S t a t i o n a r y  Flows. THEMIS Tech. Rep. No. 24 (CER73-74-RK-RNM) , 
Colorado S t a t e  Univ., Sept .  1973. (Avai lable  from DDC a s  AD 770 883.) 

The methods of  l i n e a r  p e r t u r b a t i o n  theory  have been used t o  s tudy  t h e  s t a -  
b i l i t y  of var ious  flows, among them be ing  (1) The s t a b i l i t y  o f  boundary l a y e r s  
a long  concave heated wa l l s ;  (2 )  The s t a b i l i t y  of boundary l a y e r s  a long  concave 
wa l l s  wi th  suc t ion ;  (3) The s t a b i l i t y  of  wal l  j e t s  a long concave and convex 
wa l l s ;  ( 4 )  The s p i n  up of  a two-dimensional cy l inde r  i n  an i n f i n i t e  medium; 
(5)  The s t a b i l i t y  of s t a t i o n a r y  l a y e r s  of  f l u i d  with a r b i t r a r y  temperature  
s t r a t i f i c a t i o n ;  (6 )  The s t a b i l i t y  o f  n a t u r a l  convection f low a long  i n c l i n e d  
p l a t e s .  During t h e  course of  t h i s  work, t h r e e  d i f f e r e n t  s o l u t i o n  techniques 
were employed; one o f  them was an approximate a n a l y t i c  technique,  t h e  remaining 
two were numerical.  Three-dimensional s p a t i a l l y  and temporal ly  amplifying d i s -  
tu rbances  were considered i n  t h e  s tudy.  
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386. Kobayashi, ~ ~ 8 j i :  ~ a y l o r - ~ 6 r t l e r  I n s t a b i l i t y  of  a Boundary Layer With 
Suc t ion  o r  Blowing. AIAA J . ,  v o l .  12, no. 3 ,  Mar. 1974, pp. 394-395. 

Suc t ion  ( o r  blowing) from a s l i g h t l y  concave permeable wal l  i s  examined 
from t h e  viewpoint of  e f f e c t s  on t h e  i n s t a b i l i t y  of an incompressible  two- 
dimensional laminar  boundary l a y e r  a s  manifested by t h e  o n s e t  o f  l o n g i t u d i n a l  
v o r t i c e s .  Emphasis i s  p laced  on t h e  r o l e  of  t h e  normal v e l o c i t y  component i n  
t he  ~ a ~ l o r - ~ G r t l e r  i n s t a b i l i t y .  Suc t ion  ( o r  blowing) from a permeable w a l l  
induces a no t ab l e  normal v e l o c i t y  component i n  t he  boundary l a y e r ,  and it i s  
found t h a t  t h e  boundary l a y e r  i s  l e s s  s t a b l e  when the  normal component i s  
considered.  
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387. Kobayashi, R. :  ~ a y l o r - d r t l e r  I n s t a b i l i t y  o f  a Boundary Layer With Suc t ion  
o r  Blowing. Rep. No. 289, I n s t .  High Speed Mech., ~ 6 h o k u  Univ., vo l .  32, 
1975, pp. 129-148. 

This  paper  i s  concerned wi th  c e n t r i f u g a l  i n s t a b i l i t y  of t h e  two-dimensional 
incompressible  laminar boundary l a y e r  a long a s l i g h t l y  concave wa l l  t o  the  o n s e t  



of l ong i tud ina l  v o r t i c e s .  At ten t ion  i s  concent ra ted  on a  r o l e  of normal veloc- 
i t y  components, which a r e  induced through the  permeable concave wall  by suc t ion  
o r  blowing, i n  t h i s  i n s t a b i l i t y  problem. Neutral  s t a b i l i t y  curves r ep re sen t ing  
the  r e l a t i o n  of the  ~ 8 r t l e r  parameter G t o  t h e  dimensionless wave-number of 
the long i tud ina l  v o r t i c e s  and a l s o  d i s t r i b u t i o n s  o f  the  pe r tu rba t ion  v e l o c i t i e s  
a t  the  o n s e t  of  the  v o r t i c e s  a r e  presented .  The r e s u l t s  show t h a t  t he  suc t ion  
inc reases  t h e  c r i t i c a l  value of  the ~ 8 r t l e r  parameter and s t a b i l i z e s  t he  
boundary l a y e r ,  while  the  blowing has l i t t l e  in f luence  on the  p r e s e n t  
i n s t a b i l i t y  . 

Author 
A v a i l a b i l i t y  : 
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388. Herbert ,  Th.: On the  S t a b i l i t y  of  t he  Boundary Layer Along a  Concave Wall. 
Arch. Mech. Stosow., vo l .  28, no. 5-6, 1976, pp. 1039-1055. 

Various approaches f o r  i n v e s t i g a t i n g  t h e  l i n e a r  s t a b i l i t y  of t h e  laminar 
boundary l a y e r  a long  a  concave wa l l  wi th  r e s p e c t  t o  ~ Z r t l e r  v o r t i c e s  a r e  com- 
pared concerning t h e i r  o rde r  i n  t he  two small  parameters ,  wa l l  curva ture  and 
inverse  Reynolds number, a s  wel l  a s  t he  t rea tment  of  t he  curvature t e r m s .  
Numerical r e s u l t s  show sepa ra t e ly  the  e f f e c t s  o f  wa l l  curva ture ,  s t reaml ine  
curvature and i t s  f i n i t e  e x t e n t  on the  n e u t r a l  condi t ions .  The inf luence  o f  
the  growing boundary l a y e r  th ickness  on the  s t a b i l i t y  c h a r a c t e r i s t i c s  i s  e s t i -  
mated and found t o  be of  f i r s t  o rde r .  

Author 
A v a i l a b i l i t y  : 

A77-29371 

389. Molded Wings. Aviat.  Age, vol .  17, no. 4 ,  Apr. 1952, pp. 46-53. 

This i s  a r e p o r t  on the  work of t h e  R.A.E. wi th p l a s t i c  wings. I n  o rde r  t o  
keep the  flow over  wings laminar ,  t he  su r f ace  must be very smooth. Th i s  f a c t  
aroused i n t e r e s t  of t h e  Royal A i r c r a f t  Establishment i n  the  development of  new 
a i r c r a f t  ma te r i a l s .  The use of p l a s t i c s  i n  a i r c r a f t  cons t ruc t ion  has promise of  
decreas ing  a i r c r a f t  weight,  a s  wel l  a s  be ing  more economical t o  manufacture. 
An overview of manufacturing methods, ma te r i a l  p r o p e r t i e s  and s t r u c t u r a l  design 
i s  given i n  t h i s  paper .  

390. Gordon, J .  E . :  P l a s t i c s  and P l a s t i c  S t ruc tu re s .  Third Anglo-American 
Aeronaut ical  Conference, Joan Bradbrooke and E. C. P ike ,  eds. , 
R. Aeronaut. Soc. ,  1952, pp. 177-198H. 

The research  which i s  described i s  the  work of  a  team a t  R.A.E. This  paper  
may be considered a s  a  progress  r e p o r t  on the  use of p l a s t i c s  i n  a i r c r a f t  manu- 
f a c t u r e .  Methods of molding p l a s t i c s ,  e s p e c i a l l y  of t he  "Durestos" type ,  a r e  
descr ibed.  These methods sound more complicated than they a r e ,  and probably 
w i l l  be much improved i n  the  fu tu re .  Aerodynamically smooth su r f aces  can be 



r e a l i z e d  more e a s i l y  and more cheaply than with o t h e r  m a t e r i a l s .  I t  remains t o  
be seen whether such s u r f a c e s  can be maintained under s e r v i c e  condi t ions .  
Pages 198A through 198H inc lude  t h e  d i scuss ion  t h a t  followed t h e  l e c t u r e .  

A v a i l a b i l i t y :  
N78-78245 
N-15966 

391. Cheranovskiy, 0 .  R. ; and Zozulya, V. B.  : P l a s t i c  Wing With Laminar 
P r o f i l e .  FTD-HT-23-400-70, U. S. A i r  Force,  Aug. 26, 1970. (Avai lab le  
from DDC a s  AD 716 526.)  

A b r i e f  review i s  p re sen t ed  o f  t h e  design and f a b r i c a t i o n  problems o f  
p l ane  and t r apezo ida l  f i b e r g l a s s  wings with laminar  p r o f i l e s  t o  be used i n  aero- 
dynamic t e s t s  on an automatic  a i r b o r n e  l abo ra to ry  under r e a l  f l i g h t  condi t ions .  
,Techniques f o r  manufacturing such p l a s t i c  wings with r equ i r ed  s p e c i f i c a t i o n s  and 
su r f ace  roughness and con f igu ra t i on  allowances a r e  descr ibed .  The p r o p e r t i e s  
and f a b r i c a t i o n  o f  t he  wing r i g g i n g  a r e  d i scussed ,  and a ve r s ion  o f  a s l o t t e d  
p l a s t i c  wing producing l amina r i za t i on  i s  descr ibed .  A lower product ion  c o s t ,  a 
s imp le r  manufacturing technology, and h igher  aerodynamic p r o p e r t i e s  a r e  noted 
a s  t h e  advantages o f  t he se  p l a s t i c  wings over  r i v e t e d  o r  wooden wings. 
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A v a i l a b i l i t y  : 

N71-19574 
AD 716 526 

392. King, J. C. ; and Tro l lope ,  D. H .  : A Method o f  Tes t i ng  Smooth Wings f o r  
I n i t i a l  Shape and Res is tance  t o  D i s t o r t i o n  Under Load. R. & M. No. 2531, 
B r i t i s h  A. R.C. , 1951. 

The development o f  s p e c i a l  smooth wing cons t ruc t ions  f o r  laminar-flow aero- 
f o i l s  c a l l s  f o r  a s imple t e s t i n g  technique t o  check t h e  s u i t a b i l i t y  of  t he se  new 
des igns .  In  t h e  method now used a s h o r t  p a r a l l e l  l e n g t h  o f  wing bounded by r i b s  
i s  t e s t e d  under uniform bending wi th  t o r s i o n  and i n t e r n a l  p r e s s u r e  superimposed 
when necessary.  A s t anda rd  specimen and s tandard  t e s t i n g  technique a r e  
descr ibed .  A review o f  t h e  e x i s t i n g  instruments  f o r  measuring su r f ace  i r r e g u -  
l a r i t i e s  i s  inc luded .  
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A v a i l a b i l i t y :  

N78-78201 
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393. King, J. C . :  An Experimental I n v e s t i g a t i o n  I n t o  t h e  S u i t a b i l i t y  o f  a 
Corrugated Construct ion Wing f o r  a Laminar-Flow Aero fo i l .  R. & M. 
No. 2530, B r i t i s h  A.R.C. ,  1951. 



This  r e p o r t  de sc r ibes  a d e t a i l e d  experimental  i n v e s t i g a t i o n  i n t o  t h e  
s t r u c t u r a l  f e a t u r e s  o f  a 6 - f t  chord wing specimen having th i ck  s k i n  r e i n f o r c e d  
by spanwise co r ruga t ions .  The tests inc luded  s u r f a c e  d i s t o r t i o n ,  proof  and 
u l t ima te  t e s t s  on t he  specimen and compression t e s t s  on two panels .  A s h o r t  
l ength  of  p a r a l l e l  specimen was used wi th  a s i m p l i f i e d  t e s t  r i g  b u i l t  f o r  t he  
purpose. 

These tests  showed t h a t  f o r  t h i s  specimen, provided the  wing can be  made 
smooth i n  t h e  f i r s t  p l a c e ,  i t  w i l l  n o t  be adverse ly  a f f e c t e d  by loads imposed i n  
s e r v i c e .  The major p o r t i o n  of  t h e  su r f ace  d i s t o r t i o n  i n  f l i g h t  w i l l  b e  due t o  
the  aerodynamic suc t ion ;  t he  e f f e c t  o f  d i r e c t  and shea r  s t r e s s e s  be ing  
n e g l i g i b l e .  

In  t h e  u l t ima te  t e s t s  f a i l u r e  was due t o  e l a s t i c  i n s t a b i l i t y  of  t h e  s k i n  and 
co r ruga t ions  a t  a compressive s t r e s s  o f  11.1 t / s q  i n .  Th i s  compares favourably 
with t h e  compressive s t r e s s  a t  f a i l u r e  o f  t h e  pane l s ,  which, when co r r ec t ed  f o r  
t h e  shea r  s t r e s s  p r e s e n t  i n  t h e  wing, reduces t o  11.3 t / sq  i n .  
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394. C l i e t t ,  Charles  B . :  S t r u c t u r a l  Comparison o f  Pe r fo ra t ed  Skin Su r f aces  With 
Other Means of  E f f e c t i n g  Boundary-Layer Control  by Suct ion.  Aeronaut. 
Eng. Rev., vo l .  12,  no. 9 ,  Sept .  1953, pp. 46-54. 

The r e s u l t s  of  a s e r i e s  o f  s t u d i e s  t o  determine the  s t r u c t u r a l  f e a s i b i l i t y  
of  p e r f o r a t e d  s h e e t  m a t e r i a l s ,  which could be used a s  a means o f  e f f e c t i n g  
boundary-layer c o n t r o l  by suc t ion ,  a r e  presen ted .  These r e s u l t s  i nc lude  t h e  
u l t ima te  t e n s i l e  and shea r  s t r e n g t h s  of  p e r f o r a t e d  plywoods, t h e  u l t ima te  t en -  
s i l e  and shea r  s t r e n g t h s  of p e r f o r a t e d  24ST-3 aluminum-alloy s h e e t ,  and t h e  
f  lexure-f  a t i g u e  s t r e n g t h  of  t h i s  p e r f o r a t e d  aluminum-alloy s h e e t .  

Empir ical  methods of p r e d i c t i n g  u l t ima te  f a i l u r e  i n  t ens ion  and shea r  f o r  
these  p e r f o r a t e d  m a t e r i a l s  have been found. A comparison between p r e d i c t e d  
r e s u l t s  by t he se  empi r i ca l  equa t ions  and a c t u a l  experiment has  been made, and 
good agreement i s  shown t o  e x i s t .  

From t h e  s t r u c t u r a l  p o i n t  of view, a comparison of  t h i s  means of  e f f e c t i n g  
boundary-layer c o n t r o l  by suc t ion  i s  made wi th  o t h e r  methods and m a t e r i a l s  
p rev ious ly  advocated. 

Author 

395. Mansfield,  E. H . :  S t r u c t u r a l  Aspects o f  Suc t ion  Wings. C.P. No. 87, 
B r i t i s h  A . R . C . ,  1951. 

This r e p o r t  cons iders  the  s t r u c t u r a l  des ign  problems a r i s i n g  d i r e c t l y  from 
the  use o f  d i s t r i b u t e d  wing suc t ion .  Poss ib l e  types  o f  cons t ruc t ion  a r e  d i s -  



cussed and e s t ima te s  a r e  made of  t he  i nc rease  i n  a i r c r a f t  a l l  up weight due t o  
these  cons t ruc t ions  and due t o  t he  e x t r a  power r equ i r ed  f o r  suc t ion .  

A v a i l a b i l i t y :  
N-16790 
N78-78810 
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396. Slagg,  W .  R . ;  and Wieder, J. E . :  Summary o f  S t r u c t u r a l  I n v e s t i g a t i o n s  o f  
Laminar Suc t ion  Wings and o f  Thei r  Components. Summary o f  Laminar 
Boundary Layer Control  Research, WADC Tech. Rep. 56-111, U . S .  A i r  Force,  
Apr. 1957, pp. 254-256. (Avai lable  from DDC a s  AD 130 759.) 

I t  has been shown t h a t  100% laminar flow can be achieved i n  f l i g h t  by means 
of  boundary l a y e r  s u c t i o n  ( f o r  example, through rows o f  c l o s e l y  spaced ho le s ,  
r e l a t i v e l y  few s l o t s  o r  a  l a r g e  number of  c l o s e l y  spaced spanwise s l o t s ) .  The 
p r a c t i c a l  a p p l i c a t i o n  of  low drag  suc t ion  t o  an a i r p l a n e  des ign  r e q u i r e s  t h e  
i n t e g r a t i o n  o f  t he  suc t ion  system i n  t he  s t r u c t u r a l  des ign  and s e t s  f o r t h  new 
design requirements .  For h igh  subsonic speed a i r p l a n e s ,  t h e  su r f ace  waviness 
has t o  be k e p t  smal l  a t  h igh  Reynolds numbers (of  t h e  o r d e r  of  1/1000 in . / i n .  
o r  l e s s ) .  Contour t o l e r a n c e s  must be small  and camber d i s t o r t i o n  must be mini- 
mized. The e x t e r n a l  s u r f a c e s  of a  laminar  suc t ion  a i r p l a n e  should be f r e e  of  
l a r g e  gaps o r  s t e p s .  Leakage from t h e  i n n e r  s t r u c t u r e  t o  t he  o u t s i d e  should be 
avoided. These pages summarize t h e  work on t h e  s t r u c t u r a l  i n v e s t i g a t i o n s .  

A v a i l a b i l i t y :  
N78-76390 
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397. Dedon, W. W .  ; Slagg,  W. R. ; and Pfenninger ,  W. : S t r u c t u r a l  Design Con- 
s i d e r a t i o n s  f o r  Low Drag Boundary Layer Control .  NAI-55-945, Rep. No. 
BLC-81, Northrop A i r c r a f t ,  I nc . ,  Oct. 1955. (Avai lab le  from DDC a s  
AD 89 596. ) 

Very low p r o f i l e  d rags  have been obta ined  by keeping 100% laminar flow a t  
high Reynolds numbers by means o f  boundary l a y e r  s u c t i o n  i n  wind tunne l s  and i n  
f l i g h t  (References 12 and 1 3 ) .  

These drag  reduc t ions  have profound e f f e c t s  on range ,  a l t i t u d e ,  payload,  
f u e l  consumption, power p l a n t  requirements and o t h e r  performance parameters .  
However, ob t a in ing  t h e  maximum b e n e f i t  from laminar  flow r e q u i r e s  t h e  complete 
i n t e g r a t i o n  o f  t h e  aerodynamic, p ropuls ive  and s t r u c t u r a l  systems. 

The s t r u c t u r a l  des igner  i s  faced  with a  most exac t ing  t a s k .  The purpose 
of t h i s  paper  i s  t o  f a m i l i a r i z e  him with t h e  p r i n c i p l e s  t h a t  a r e  unique t o  t h e  
design o f  a  wing inco rpo ra t i ng  low drag  boundary l a y e r  c o n t r o l .  Many o f  t h e  
requirements  o f  such a  wing a r e  s o  unusual t h a t  some gene ra l  d i s cus s ion  of  
methods and reasons  should be g r e a t l y  exped i t i ous .  



What a r e  be l i eved  t o  be t he  most important  dev i a t i ons  from convent ional  
design considered here  a r e  : 

(1) Cont ro l  of  t he  phys i ca l  condi t ion  of  t he  o u t e r  s k i n  su r f ace  

(2 )  Cont ro l  of t he  d i s t o r t i o n s  o f  t h e  a i r f o i l  s ec t i on  

(3)  Incorpora t ion  o f  i n t e r n a l  duc t ing  with a  minimum weight p e n a l t y  

(4)  Aerodynamically and s t r u c t u r a l l y  e f f i c i e n t  methods f o r  conduct ing a i r  
through t h e  o u t e r  s k i n  s u r f a c e s  of  t h e  a i r c r a f t .  
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398. Wieder, J . ;  and Pfenninger ,  W . :  S t r u c t u r a l  Aspects o f  Low Drag Suc t ion  
A i r f o i l s .  Paper No. 61-150-1844, I n s t .  Aerosp. S c i . ,  June 1961. (Also 
a v a i l a b l e  i n  Summary of  Laminar Boundary Layer Control  Research, 
Volume 11, ASD-TDR-63-554, U.S. A i r  Force,  Mar. 1964, pp. 794-800. 
(Avai lable  from DDC a s  AD 605 186 .) ) 

A d e s c r i p t i o n  of t he  s t r u c t u r e  o f  low drag  suc t ion  wings i s  p re sen t ed ,  
keyed t o  a  gene ra l i zed  high subsonic  wet wing. The r e s u l t s  o f  component load  
t e s t s ,  co r ros ion  e f f e c t s ,  sur face  i r r e g u l a r i t i e s ,  concent ra t ion  f a c t o r s ,  and 
the  e f f e c t s  on s t r e n g t h  and r i g i d i t y  a r e  d i scussed .  
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399. Worth, Robert N . :  Skin Ducting System Configurat ions f o r  LFC A i r c r a f t  Main 
S t r u c t u r a l  Box. Summary of  Laminar Boundary Layer Control  Research - 
Volume 11, ASD-TDR-63-554, U.S. A i r  Force,  Mar. 1964, pp. 801-808. 
(Avai lable  from DDC a s  AD 605 186. ) 

A wing s k i n  system conf igura t ion  f o r  a  boundary l a y e r  c o n t r o l  (BLC) a i r -  
c r a f t  i s  descr ibed .  It i s  a  double s k i n  des ign  wi th  ex t ens ive  use o f  honeycomb 
sandwich m a t e r i a l ,  and can provide e f f i c i e n t  suppor t  f o r  b ind ing  and t o r s i o n a l  
loads ,  and an e f f i c i e n t  duc t ing  system which al lows t h e  passage of s u c t i o n  a i r  
from t h e  wing su r f ace  t o  t he  compressor system. This con f igu ra t i on  c o n s i s t s  o f  
a  b a s i c  s t r u c t u r a l  o u t e r  s k i n  supported on mu l t i p l e  s t r i n g e r s ,  and an i n n e r  s k i n  
below t h e  s t r i n g e r s  which imparts  s t a b i l i t y  t o  t h e  s t r i n g e r  f langes  and a l s o  
provides  a  lower wal l  t o  complete the  duc t ing  passage.  

A v a i l a b i l i t y :  
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400. Worth, R. N . ;  and S lagg ,  W .  R . :  A Method of  Manufacture o f  Suc t ion  S l o t s  
f o r  a  Laminar Suct ion Airplane.  Rep. No. BLC-55, Rep. No. NAI-54-490, 
Northrop A i r c r a f t ,  I n c . ,  Ju ly  1954. (Avai lab le  from DDC a s  AD 54 971.) 

The success  o f  a  laminar  suc t ion  a i r p l a n e  i s  t o  a l a r g e  e x t e n t  dependent 
upon an e f f i c i e n t  and producib le  s t r u c t u r a l  design.  Of t he  number of  p o s s i b l e  
methods t o  manufacture such a  wing a s  p re sen t ed  i n  r e p o r t  BLC-40, t h i s  r e p o r t  
w i l l  d e a l  only wi th  t h e  manufacture of  a  l a r g e  number o f  c l o s e l y  spaced, f i n e  
s l o t s .  The primary problems t o  be solved a r e  t h e  f a b r i c a t i o n  of  a  s u r f a c e  wi th  
a  s u f f i c i e n t l y  small  su r f ace  waviness and roughness,  wi th  s l o t s  of c l o s e  
t o l e r ances .  

This  r e p o r t  sets f o r t h  t h e  methods i n v e s t i g a t e d  wi th  t h e  i n d i v i d u a l  prob- 
lems t h a t  must be overcome. The recommended s o l u t i o n  proposed here  o f  c u t t i n g  
the s l o t s  wi th  s l i t t i n g  saws a f t e r  assembly of  t h e  pane l s  i s  supported by tes t  
r e s u l t s  inc luded  h e r e i n .  
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401. LFC Manufacturing Engineering: Laminar Flow Control  Demonstration Program 
F i n a l  Report - LFC Manufacturing Techniques. NOR-6 1-142 (Cont rac t  
AF33 (600) -42052) , Northrop Corp., Mar. 1964. (Avai lab le  from DDC 
a s  AD 439 329.) 

The manufacturing techniques r equ i r ed  t o  b u i l d  t h e  laminar  flow c o n t r o l  
d i f f e r e d  from those  used on convent ional  t u r b u l e n t  a i r c r a f t  f o r  two b a s i c  
reasons:  The X-21A wings r equ i r ed  extremely smooth wave-free e x t e r n a l  s u r -  
f aces ,  and p rov i s ions  had t o  be incorpora ted  f o r  removing by suc t ion  a p o r t i o n  
o f  t h e  boundary l a y e r  from t h e  wing su r f aces .  Extensive manufacturing e f f o r t  
was expended i n  s e v e r a l  major a r ea s :  (1) t h e  development o f  pane l  bonding 
f i x t u r e s  and methods t o  maintain t h e  extreme smoothness c r i t e r i a  o f  t he  e x t e r -  
n a l  wing su r f aces ;  (2 )  t h e  m i l l i n g ,  d r i l l i n g ,  and s l o t t i n g  equipment t o  maintain 
s i z e  and l o c a t i o n  accuracy o f  wing s l o t  and hole  p a t t e r n s ;  (3 )  t he  bu i ld ing- in  
of  t h e  a i r  duc t s  a s  p a r t  of  t h e  b a s i c  s t r u c t u r e  f o r  a i r  passage through t h e  
wing; and (4) t he  development of modulation va lves  f o r  t h e  suc t ion  system. 
Resul t s  of  t h i s  e f f o r t  i n d i c a t e  t h a t  t he  manufacture o f  a i r p l a n e  s t r u c t u r e  t o  
laminar  flow c o n t r o l  t o l e r ance  is  f e a s i b l e ,  and t h a t  t h i s  type  o f  manufacture 
can be done wi th  t h e  p r e s e n t  day s t a t e -o f - the -a r t  equipment. Appendices a r e  
p re sen t ed  t h a t  d e a l  wi th  wing assembly sequence, bond f i x t u r e  pe r ime te r s ,  bond 
f i x t u r e  f a b r i c a t i o n  sequence, bond t o o l  m a t e r i a l  ske t ches ,  a  pane l  t r i m  ske tch ,  
t o r n e t i c  c o n t r o l l e d  d r i l l i n g  and sawing s p e c i f i c a t i o n s ,  t o r n e t i c  s e t t i n g s  and 
depth con t ro l ,  and saw b lade  s p e c i f i c a t i o n s .  

A v a i l a b i l i t y :  
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402. Weiss, D. D. ; and Lindh, D.  V .  : Development of the Technology f o r  the  
Fabr ica t ion  of Rel iable  Laminar Flow Control Panels .  NASA CR-145124, 
1977. 

Various conf igura t ions  of porous, pe r fo ra t ed  and s l o t t e d  ma te r i a l s  were 
flow t e s t e d  t o  determine i f  they would meet t he  LFC sur face  smoothness and flow 
requirements.  The candidate  m a t e r i a l s  were then t e s t e d  f o r  s u s c e p t i b i l i t y  t o  
clogging and f o r  r e s i s t a n c e  t o  cor ros ion .  Of the  m a t e r i a l s  t e s t e d ,  p e r f o r a t e d  
t i t an ium,  porous polyimide, and s l o t t e d  assemblies demonstrated a  much g r e a t e r  
r e s i s t a n c e  t o  clogging than o t h e r  porous ma te r i a l s .  

Author 
A v a i l a b i l i t y  : 
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403. Meade, L .  E . ;  Kays, A .  0 . ;  F e r r i l l ,  R. S . ;  and Young, H.  R. : Development 
of t he  Technology f o r  t h e  Fabr ica t ion  of Rel iab le  Laminar Flow Control 
Panels .  NASA CR-145168, 1977. 

Mater ia l s  were assessed and f a b r i c a t i o n  techniques were developed f o r  use 
i n  t he  manufacture o f  wing sur face  ma te r i a l s  compatible with t h e  app l i ca t ion  of 
both aluminum a l l o y s  and nonmetal l ic  composites. The concepts i n v e s t i g a t e d  
included p e r f o r a t i o n s  and s l o t s  i n  t he  m e t a l l i c  t e s t  pane ls  and microporosi ty  
and p e r f o r a t i o n s  i n  the composite t e s t  pane l s .  Pe r fo ra t ions  were produced i n  
the  m e t a l l i c  t e s t  panels  by the  e l e c t r o n  beam process  and s l o t s  were developed 
by con t ro l l ed  gaps between the  metal shee t s .  Microporosity was produced i n  t h e  
composite t e s t  pane l s  by the  r e s i n  b leed  process ,  and p e r f o r a t i o n s  were pro- 
duced by the  f u g i t i v e  f i b e r  technique.  Each of  these  concepts was f a b r i c a t e d  
i n t o  t e s t  pane l s ,  and a i r  flow t e s t s  were conducted on the  panels .  

Author 
A v a i l a b i l i t y :  
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404. Swinford, G .  R . :  A Prel iminary Design Study of a  Laminar Flow Control 
Wing of  Composite Mater ia l s  f o r  Long Range Transport  A i r c r a f t .  NASA 
CR-144950, 1976. 

The r e s u l t s  of an a i r c r a f t  wing design study a r e  repor ted .  The s e l e c t e d  
s tudy a i rp l ane  conf igura t ion  i s  def ined .  The suc t ion  s u r f a c e ,  duc t ing ,  and com- 
p r e s s o r  systems a r e  descr ibed .  Techniques of manufacturing suc t ion  su r f aces  a r e  
i d e n t i f i e d  and d iscussed .  A wing box of graphite/epoxy composite is defined.  
Leading and t r a i l i n g  edge s t r u c t u r e s  of composite cons t ruc t ion  a r e  descr ibed .  
Control s u r f a c e s ,  engine i n s t a l l a t i o n ,  and landing gear  a r e  i l l u s t r a t e d  and d i s -  
cussed. The pre l iminary  wing design i s  appraised from the  s tandpoin t  of  manu- 
f a c t u r i n g ,  weight,  ope ra t ions ,  and d u r a b i l i t y .  I t  i s  concluded t h a t  a  p r a c t i c a l  
laminar flow con t ro l  (LFC) wing of composite ma te r i a l  can be b u i l t ,  and t h a t  
such a  wing w i l l  be l i g h t e r  than an equ iva l en t  metal wing. As a  r e s u l t ,  a  pro-  
gram of  suc t ion  sur face  eva lua t ion  and o t h e r  s t u d i e s  of con f igu ra t ion ,  aero- 



dynamics, s t r u c t u r a l  design and manufacturing, and suc t ion  systems a r e  
r e  commended. 

Author 
A v a i l a b i l i t y  : 
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405, Pfenninger ,  W .  : P r o p e l l e r s  f o r  Long Range Laminar Suct ion Airp lanes  F ly ing  
a t  High Subsonic Speeds. Rep. No. BLC-37, Northrop A i r c r a f t ,  I n c . ,  
Apr. 1954. (Avai lable  from DDC a s  AD 52 586.) (Also d i scussed  i n  
Summary o f  Laminar Boundary Layer Control  Research, WADC Tech. 
Rep. 56-111, U.S. A i r  Force,  Apr. 1957, pp. 206-252. (Avai lable  from 
DDC a s  AD 130 759. ) ) 

A v a i l a b i l i t y :  
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406. Newton, J. S . ;  and Pfenninger ,  W . :  S tud i e s  of  Gas Turbine Powerplants 
S u i t a b l e  f o r  Laminar Suct ion Airp lanes .  Rep. No. BLC-49, Rep. 
No. NAI-54-485, Northrop A i r c r a f t ,  I nc .  , Ju ly  1954. (Avai lab le  from 
DDC a s  AD 54 971.) (Also included i n  Summary of  Laminar Boundary Layer 
Control  Research, WADC Tech. Rep. 56-111, U.S. A i r  Force,  Apr. 1957, 
pp. 217-220. (Avai lable  from DDC a s  AD 130 759 . ) )  

Laminar s u c t i o n  a i r p l a n e s  can be e f f i c i e n t l y  p rope l l ed  dur ing  c r u i s i n g  by 
means of  gas t u r b i n e s ,  f e d  with undis turbed ram a i r ,  d r i v i n g  sepa ra t e  s u c t i o n  
compressors and, i n  c e r t a i n  cases ,  a d d i t i o n a l  ducted fans  o r  p r o p e l l e r s .  This  
r e p o r t  p r e s e n t s  r e s u l t s  of  cyc le  c a l c u l a t i o n s  o f  such powerplants d r i v i n g  a  long 
range h igh  a l t i t u d e  laminar  suc t ion  a i r p l a n e  a t  h igh  subsonic  speed. Various 
powerplant arrangements and suc t ion  compressor d r i v e  systems a s  we l l  a s  some 
s o l u t i o n s  f o r  off-design condi t ions  ( t ake -o f f ,  climb, f l i g h t  a t  very h igh  a l t i -  
tudes ,  supersonic  dash) w i l l  be d i scussed  i n  subsequent r e p o r t s .  

Gas t u r b i n e s  f ed  with suc t ion  a i r  show increased  s p e c i f i c  f u e l  consumption 
and w i l l  t h e r e f o r e  n o t  be d i scussed  f u r t h e r .  

Author 
A v a i l a b i l i t y :  

SN-24021, J u l y  1954 
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407. Newton, J. S. :  E f f e c t s  of  Power P l a n t  Components on the  Performance of  
Laminar Suct ion Airp lanes .  Rep. No. NAI-54-798 (BLC-63), Northrop A i r -  
c r a f t ,  I n c , ,  Oct. 1954. (Avai lable  from DDC a s  AD 66 0 6 5 ( a ) . )  

~ v a i l a b i l i t y  : 

SN-24021, NOV. 1954 
NAI-54-798 (BLC-63) 
AD 66 065 ( a )  

408. Pfenninger ,  W . :  Propuls ion S t u d i e s  o f  Laminar Suc t ion  Airplanes of  
Moderate S ize .  Rep.  No. NOR-59-260 (BLC-118), Northrop A i r c r a f t ,  I n c . ,  
Apr. 1959. 

The purpose of t h e  s tudy  i s  t o  show how turboprop engines  l i k e  t h e  Rol l s  
Royce Tyne o r  t he  A l l i son  T61 can be adapted t o  p rope l  a  moderately l a r g e  low 
drag BLC a i r p l a n e  e f f i c i e n t l y  a t  high subsonic  c r u i s i n g  speeds.  . 

A v a i l a b i l i t y :  
SN-24021, Apr. 1959 
N79-75730 
NOR-59-260 (BLC-118) 

409. Pfenninger ,  W . :  Design Considerat ions o f  Propuls ion Systems f o r  Low Drag 
BLC Airplanes Cru is ing  a t  High Subsonic Speeds. Rep. No. NOR-59-418 
(BLC-122), Northrop A i r c r a f t ,  I n c . ,  Ju ly  1959. 

A v a i l a b i l i t y :  
SN-24021, Ju ly  1959 
NOR-59-418 (BLC-122) 
N79-75733 

410. Pfenninger ,  W . :  Cycle Ca lcu l a t i ons  of t he  Propuls ion System of  a  Subsonic 
Laminar Suct ion Airplane With Turbofan Gas Turbines  With Suc t ion  Com- 
p r e s s o r s  Driven by a  Bleed and Burn Cycle. Rep. No. NAI-58-489 
(BLC-110) (Cont rac t  AF 33 (6 16) 3165) , Northrop A i r c r a f t ,  Inc.  , J u l y  3, 
1958. 

For a  turbofan engine  o f  l a r g e  bypass r a t i o ,  t h e  r equ i r ed  b leed  a i r  
q u a n t i t i e s  and t h e  power t o  d r i v e  t h e  suc t ion  compressors f o r  b e s t  c r u i s e  a r e  
s u f f i c i e n t l y  low t o  render  t h e  b l eed  and burn cycle  d r i v e  system f o r  t h e  suc t ion  
compressors a p r a c t i c a l ,  e f f i c i e n t ,  and f l e x i b l e  d r i v e  method wi th  a  low noise  
l e v e l .  

Author 
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411. Connors, J. W .  ; Pfenninger ,  W.  ; and Smith, C. B .  : Propuls ion Systems fo r  
Laminar Flow A i r c r a f t .  Aerosp. Eng., vo l .  20, no. 8 ,  Aug. 1961, 
pp. 16-17, 70-79. 



~t i s  expected t h a t  within the  near  fu ture  the f i r s t  laminar flow a i r c r a f t  
w i l l  be a  r e a l i t y  and t h a t  t h e r e a f t e r  such i n s t a l l a t i o n s  w i l l  become common. 
In a i r c r a f t  of  t h i s  type, the propulsion system must provide a l a rge  percentage 
of i t s  power t o  operate i n t e r n a l  flow pumps, and i s  more in t imate ly  in teg ra ted  
with the  airframe than has been the  case i n  the  p a s t .  The d i s t i n c t i o n  between 
what i s  drag and what i s  t h r u s t  ceases t o  be c l e a r ;  the s igni f icance  o f  such 
t r a d i t i o n a l  parameters a s  s p e c i f i c  f u e l  consumption breaks down and new c r i t e r i a  
fo r  optimizing the  i n s t a l l a t i o n  a r i s e .  This paper undertakes t o  c l a s s i f y  the  
various poss ib le  forms of propulsion systems f o r  t h i s  app l i ca t ion ,  determines 
the c r i t e r i a  f o r  optimizing such configurat ions,  e s t ab l i shes  a  r a t i o n a l  d iv is ion  
between a i r c r a f t  and propulsion systems, and presents  representa t ive  propulsion 
system da ta  requi red  by the  a i r c r a f t  designer t o  undertake preliminary design 
analys is  of a i r c r a f t  of t h i s  type. 

Author 
Appendix A :  Compatible Def in i t ions  of Lift-to-Drag Ratio and Spec i f i c  Fuel 

Consumption. 
Appendix B: Relationship Between Suction Drag and Viscous Drag. 
Appendix C: C r i t e r i a  f o r  Minimum Spec i f i c  Fuel Consumption. 

Ava i l ab i l i ty  : 
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412. Torenbeek, Ir. E . :  The Propulsion of  A i r c r a f t  With Laminar Flow Control.  
Rep. VTH-150, Dep. Aeronaut. Eng., Del f t  Univ. Technol., Nov. 1968. 

A systematic approach i s  given f o r  a  cycle analys is  of various p r a c t i c a l  
suct ion  and propulsion systems f o r  gas-turbine powered subsonic a i r c r a f t  with 
laminar flow con t ro l .  Defini t ions of t h r u s t ,  drag, and various system e f f i -  
c iencies  a r e  discussed,  and the  range parameter i s  evaluated as a  c r i t e r i o n  f o r  
c ru i se  performance assessment. Generalized ca lcula t ions  and diagrams a r e  pre-  
sented f o r  prel iminary est imation of the  range parameter f o r  a i r c r a f t  with 
a r b i t r a r y  e x t e n t  of laminarizat ion.  Conditions f o r  the  optimum value o f  system 
parameters a r e  derived,  r e s u l t i n g  i n  maximum s p e c i f i c  range. 

Author 
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413. Wattson, R. K. , Jr. : Inves t iga t ion  of Boundary Layer Pumping Systems. 
Rep. No. 1309-5 (Contract NONR 856 (00) ) , Cessna A i r c r a f t  Co., Sept.  1952. 

  his i s  a preliminary study of  systems f o r  the  pumping of a i r  used i n  
boundary l a y e r  cont ro l  on a i r c r a f t .  Data on weights and performance of  power 
u n i t s  f o r  these  systems were gathered,  and an attempt was made t o  p r e d i c t  
weights and performances of complete systems. Thermodynamic analyses were pre-  
pared f o r  systems which were thought t o  show promise. A study was made of the  
appl ica t ion  of c e r t a i n  of these systems t o  a  hypothetical  f ighter- type a i r c r a f t  
i n  an e f f o r t  t o  a n t i c i p a t e  prel iminary design problems f o r  a i r c r a f t  designed t o  
use boundary l a y e r  cont ro l .  

Author 
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414. Davidson, I .  M . :  On Engine Considerat ions Associated With A i r c r a f t  
Boundary Layer Control  by Suc t ion ,  Nat,  Gas Turbine Es tab .  Memo. 
No. M.172., B r i t i s h  Min. Supply, Feb. 1953. 

A v a i l a b i l i t y  : 
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415. Conrad, E .  William: Pre l iminary  Analysis  o f  Performance o f  Turbojet  
Engines Used a s  Pumps f o r  Boundary-Layer Control .  NACA RM E55E20a, 1955. 

The e f f e c t s  of  engine performance of us ing  t u r b o j e t  engines  a s  pumps f o r  
boundary-layer c o n t r o l  by suc t ion  a t  t h e  engine i n l e t  o r  by b leed ing  a i r  from 
the  compressor o u t l e t  were c a l c u l a t e d  f o r  two c u r r e n t  product ion engines .  
Limited experimental  d a t a  f o r  a  t h i r d  engine c u r r e n t l y  i n  product ion a r e  
inc luded  wi th  intercompressor  b leed .  Compressor-outlet b l eed  flows o f  between 
32 and 4 3  p e r c e n t  could be ob ta ined  before  t h e  engine n e t  t h r u s t  was reduced t o  
zero .  For t h e  use o f  s u c t i o n ,  t h e  maximum flow was equa l  t o  t h e  engine a i r  flow. 
A var iab le -a rea  t u r b i n e  would o f f e r  no advantage o t h e r  than al lowing h ighe r  
bleedof  f  p r e s s u r e .  
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416. Edwards, Jay Thomas: D i s t r i bu t ed  Boundary Layer s u c t i o n  u t i l i z i n g  wing ~ i p  
E f f e c t s .  M . S .  Thes i s ,  A & M Co l l .  of Texas, May 1962. (Avai lable  from 
DDC as AD 276 394 .) 

The e f f e c t  o f  a  self- induced boundary l a y e r  suc t ion  device on t h e  pe r fo r -  
mance o f  a three-dimensional NACA 23015 a i r f o i l  was experimental ly  determined. 
Von Karman's momentum equat ion ,  a s  adapted by P r a n d t l  t o  inc lude  s u c t i o n  through 
the s u r f  ace ,  w a s  used t o  c a l c u l a t e  t h e  suc t ion  d i s t r i b u t i o n ,  q u a n t i t y  flow 
requirements  and d i s t r i b u t i o n  o f  p e r f o r a t i o n s  f o r  c o n t r o l  of  t h e  boundary l a y e r  
growth. From t h e s e  c a l c u l a t i o n s ,  p e r f o r a t i o n s  o f  the model were made i n  an 
e f f o r t  t o  maintain a  cons t an t  momentum th ickness  over  t h e  porous a r e a .  The low 
p re s su re  a r e a  on t h e  upper su r f ace  o f  a  Hoerner t i p  was used a s  the  pumping 
device t o  supply t h e  necessary  p re s su re  d i f f e r e n t i a l  t o  draw a i r  from t h e  upper 
su r f ace  o f  t he  wing. Thinning o f  t he  boundary l a y e r  i n  t h i s  fashion showed an 
improvement i n  t h e  d rag  p o l a r ,  and l i f t  curve s lope  wi thout  t h e  disadvantage o f  
added weight,  power requirements ,  o r  increased  maintenance. 
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417. A i r  Pumping System f o r  a  Laminar Flow Control  A i r c r a f t .  [ ~ r e ~ r i n t ]  745C, 
Soc. Automot. Eng. , Sep t ,  1963. 
C o l l i n s ,  W .  L.; and Monahan, W .  A,, Jr.: P a r t  1, 
G e t z ,  D, L.; and Wallace, F. B . ,  Jr.: P a r t  2 ,  



This r e p o r t  i s  a d e s c r i p t i o n  o f  t h e  design and ope ra t i on  of  t h e  pumping 
system used t o  remove boundary-layer a i r  from the  wing s u r f a c e s  o f  X-21A 
laminar  flow c o n t r o l  a i r p l a n e s .  Included a r e  comments on pumping system 
requirements  and design c h a r a c t e r i s t i c s  f o r  fu tu re  a p p l i c a t i o n s .  Discussed a r e  
the  i n i t i a l  problem s ta tement ,  system s e l e c t i o n ,  and system ope ra t i on .  Pumping 
des ign  and development a r e  o u t l i n e d .  

A v a i l a b i l i t y  : 
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418. Fromme, W .  M. : A Note on t h e  E f f e c t s  of  Some Emergency Condit ions on t h e  
Performance of Transport  Type Airplanes With and Without Laminar Flow 
Cont ro l .  Norair  Div. , Northrop Corp., Dec. 1961. 

Resul t s  of  a s tudy on s e l e c t e d  emergency condi t ions  a r e  p re sen t ed  f o r  fou r  
t r a n s p o r t  a i r p l a n e s ,  two of  which inco rpo ra t e  Laminar Flow Control .  I t  i s  shown 
t h a t  a l though t h e  Laminar Flow Cont ro l  a i r p l a n e s  have h ighe r  t h r u s t  load ings  
(engines  o f  lower t h r u s t )  than t h e  equ iva l en t  t u r b u l e n t  flow des igns ,  t h e i r  pe r -  
formance under one -engine -out emergency condi t ions  meets a l l  o p e r a t i o n a l  
requirements  f o r  t r a n s p o r t  a i r c r a f t .  Fur ther ,  t h e  a d d i t i o n a l  weight and com- 
p l e x i t y  of  "c ross  over"  p rov i s ions  i n  t he  suc t ion  system, t o  maintain complete 
laminar  flow on a l l  LFC s u r f a c e s  w i th  one engine o u t ,  does n o t  appear t o  be 
j u s t i f i e d  by t h e  one-engine-out range performance b e n e f i t s  ob ta ined .  

Author 
Avai lab le  from STIF by au thor  and t i t l e .  

419. Anscornbe, A. ;  and I l l i n g w o r t h ,  L. N . :  Wind-Tunnel Observat ions o f  
Boundary-Layer T rans i t i on  on a Wing a t  Various Angles o f  Sweepback. 
R. & M. No. 2968, B r i t i s h  A.R.C. ,  1956. 

Visual  obse rva t ions  have been made o f  boundary-layer t r a n s i t i o n  on a wind- 
t unne l  model of  cons t an t  chord a t  z e ro  l i f t  over  a range o f  sweepback angles  
from zero  t o  50 deg. A t  each angle  above 25 deg, a c r i t i c a l  speed could be 
found wi th in  t h e  speed range of  t h e  tunne l  (400 f t / s e c )  a t  which s t r i a t i o n s  
appeared wi th in  t h e  laminar boundary l a y e r ,  while the  t r a n s i t i o n  l i n e  i t s e l f  l a y  
a t  50 p e r  c e n t  t o  60 p e r  c e n t  chord. A s  t he  speed was f u r t h e r  i nc reased ,  t r a n s i -  
t i o n  s t a r t e d  t o  move forward, f i n a l l y  occur r ing  c l o s e  t o  t h e  l ead ing  edge. The 
wind speed a t  which the  s t r i a t i o n s  appeared and t h e  forward movement o f  t r a n s i -  
t i o n  s t a r t e d ,  decreased wi th  i n c r e a s i n g  angle  o f  sweepback. 
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420. Gregory, N . :  a ran sit ion and t h e  Spread of Turbulence on a 60° Swept-Back 
Wing. J .  R. Aeronaut. Soc.,  vo l .  64,  no. 597, Sept .  1960, pp. 562-564. 

Two i n t e r e s t i n g  flow phenomena have been observed dur ing  t h e  course of  some 
t r a n s i t i o n  measurements c a r r i e d  o u t  on a swept-back wing with a curved t i p .  
F i r s t l y ,  t he  i n f luence  of  leading-edge sweep angle  on t h e  type  o f  i n s t a b i l i t y  
respons ib le  f o r  t r a n s i t i o n  has  r e s u l t e d  i n  two d i s t i n c t  types  of  t r a n s i t i o n  



occurr ing  s imultaneously over d i f f e r e n t  po r t ions  of the wing under c e r t a i n  
c r i t i c a l  condi t ions  . Secondly, unl imited spanwise tu rbu len t  contamination o f  
t he  flow was observed with an excrescence loca t ed  c lose  t o  t he  leading  edge. 
Tlle circumstances i n  which t h i s  occurred a r e  be l ieved  t o  be somewhat excep- 
t i o n a l ,  a l though much f u r t h e r  work i s  d e s i r a b l e  on t h i s  p o i n t .  

The experiments were made i n  t he  N.P.L. 13  f t .  x 9 f t .  wind tunnel  on a 
60° swept-back RAE 101 wing 9 pe r  c e n t  t h i c k .  The chord of  t h e  inboard p a r t  o f  
the  wing was 36 i n .  a long wind and t h e  wing had a curved t i p .  D e t a i l s  of t h e  
p lan  form a r e  given by Garner and Walshe. The china-clay technique w a s  used t o  
show the  t r a n s i t i o n  f r o n t  over  t he  whole span of  t he  wing. 

Author 

421. Gregory, N . ;  and Love, E. M. : Laminar Flow on a Swept Leading Edge: F i n a l  
Progress  Report. NPL AERO MEMO. No. 26, B r i t i s h  A.R.C. ,  Oct. 1965. 

This  no te  desc r ibes  the  f u r t h e r  work c a r r i e d  o u t  a f t e r  t he  account given i n  
re ference  (1) on the  s t a t e  of t he  at tachment  l i n e  flow on the  leading  edge of  an 
18 i n .  chord model with va r i ab l e  sweep i n  t he  NPL 13  f t  x 9 f t  and 9 f t  x 7 f t  
wind tunnels .  

The model was f i t t e d  with an improved bump with permanent f l u sh  h o t  f i lms  
( sec t ion  4) , b u t  t e s t  with t he  ins t rumenta t ion  ( s e c t i o n  1) showed t h a t  h o t  w i re s  
were needed t o  observe the  d e t a i l s  of t u r b u l e n t  flow decay ( sec t ion  6 ) .  Tenta- 
t i v e  c r i t i c a l  roughness da t a  f o r  two-dimensional wi res  were confirmed and r e s u l t s  
a l s o  obta ined  wi th  i s o l a t e d  conica l  excrescences ( s e c t i o n  2) . Turbulent s p o t  
propagat ion speeds were measured over  a range of  Reynolds numbers ( s ec t ion  3 ) .  
The bump was more succes s fu l  than the  previous vers ion  modelled i n  p l a s t i c e n e  
( sec t ion  5)  b u t  it i s  observed t h a t  suc t ion  devices  a r e  l i k e l y  t o  be more e f f e c -  
t i v e  i n  p r a c t i c e  ( s ec t ion  7 ) .  A more d e t a i l e d  account of whole i n v e s t i g a t i o n  i$ ". 
i n  course of p repa ra t ion .  
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422. Gaster  , M. : On the  Flow Along Swept Leading Edges. CoA-AERO-167, College 
of Aeron. , Cranf ie ld  (England) , Oct. 1965. (Also a v a i l a b l e  i n  
Aeronaut Q . ,  vol .  X V I I I ,  p t .  2 ,  May 1967, pp. 165-184.) 

F l i g h t  t e s t s  on a s u c t i o n  wing showed t h a t  tu rbulence ,  generated a t  t h e  
wing r o o t ,  can propagate  along the  leading  edge and cause the  whole flow t o  be 
tu rbu len t .  The flow on the  attachment l i n e  of a swept wing was s tud ied  i n  a low 
speed wind tunnel  with p a r t i c u l a r  re ference  t o  t h e  problem of  t u r b u l e n t  contami- 
na t ion .  The c r i t i c a l  Reynolds number, ReL,  o f  t h e  attachment l i n e  boundary 
l a y e r  f o r  the  spanwise spread of t i lrbulence was found t o  be about 100 f o r  sweep 
angles  i n  the  range 40°-60°. A device was developed t o  a c t  a s  a b a r r i e r  t o  t h e  
tu rbu len t  r o o t  flow so  t h a t  a clean laminar flow could e x i s t  outboard. This 
device was shown t o  be e f f e c t i v e  up t o  an R e  of a t  l e a s t  170. With t h e  a i d  of  
t h i s  bump experiments were poss ib le  on a laminar boundary l a y e r  a t  Reynolds 



numbers above the  lower c r i t i c a l  value.  The behavior  o f  Tol lmien-Schl icht ing 
waves w a s  a l s o  i n v e s t i g a t e d  by e x c i t i n g  t h e  flow with sound emanating from a 
small  ho l e  on the at tachment  l i n e .  Measurements o f  t he  p e r t u r b a t i o n  phase and 
amplitude were made downstream o f  t h e  source.  
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423. Bacon, John W . ,  Jr.; and Pfenninger ,  W. : Trans i t i on  Experiments a t  t h e  
Front  Attachment Line of  a 45O Swept Wing With a Blunt  Leading Edge. 
AFFDL-TR-67-33, U.S. A i r  Force,  June 1967. (Avai lab le  from DDC a s  
AD 818 962.) 
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424. Pfenninger ,  W .  ; and Bacon, J. W . ,  Jr. : ~ r n p l i f i e d  Laminar Boundary Layer 
O s c i l l a t i o n s  and  rans sit ion a t  t h e  Front  Attachment Line of a 45O Swept 
Flat-Nosed Wing With and Without Boundary Layer Suc t ion .  Viscous Drag 
Reduction, C. S i n c l a i r  Wells ,  ed . ,  Plenum Pres s ,  1969, pp. 85-105. 

Discussion of  experiments performed i n  t he  Northrop 7 x 10 f t  t unne l ,  i n  
which t r a n s i t i o n  a t  t h e  at tachment  l i n e  of  a 45O swept f l a t -nose  wing was 
observed. For a wing with suc t ion  through c l o s e l y  spaced chordwise s l o t s ,  t h e  
wind tunne l  sc reen  turbulence  was found t o  induce r e g u l a r  ampl i f ied  attachment- 
l i n e  boundary l a y e r  o s c i l l a t i o n s .  The o s c i l l a t i o n s  were g e n e r a l l y  modulated and  
superimposed on random low-frequency o s c i l l a t i o n s  induced by f ree-s t ream l a r g e -  
s c a l e  eddies .  The high-frequency boundary-layer v e l o c i t y  f l u c t u a t i o n s  a r i s i n g  
near  t h e  at tachment  l i n e  were found t o  grow, l ead ing  f i n a l l y  t o  t u r b u l e n t  s p o t s  
i n  combination wi th  t h e  random low-f requency o s c i l l a t i o n s .  Without s u c t i o n ,  
t r a n s i t i o n  s t a r t e d  a t  a t t ached  l i n e  t r a n s i t i o n  Reynolds numbers of  240 and 310 
a t  p o t e n t i a l  f low ve loc i ty /k inemat ic  v i s c o s i t y  r a t i o s  o f  5 .5  x 106 and 
3.5 x l o6 ,  r e s p e c t i v e l y .  

A v a i l a b i l i t y  : 
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425. Kozlov, L. F.; and Tsyganiuk, A.  I . :  Veloci ty  P u l s a t i o n s  and Thei r  
S p e c t r a l  Levels  i n  a Boundary Layer With Suct ion.  Gidromekhanika, 
no. 31, 1975, pp. 21-25. 

The experiments descr ibed  confirmed t h e  e f f e c t i v e n e s s  o f  boundary l a y e r  
c o n t r o l  by d i s t r i b u t e d  s u c t i o n  of  smal l  amounts o f  water  from t h e  boundary l a y e r .  
I n  t h e  frequency range between 5 and 600 H z ,  t h e  t u r b u l e n t  v e l o c i t y  p u l s a t i o n  
l e v e l s  were found t o  decrease  by 10 t o  30 dB. 

A v a i l a b i l i t y :  
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426. Gorlin, S. M. ;  and Ismai l ,  Mokhamed Nabil A l i :  E f fec t  of the  Level of Flow 
Turbulence i n  a Wind Tunnel on the  Charac te r i s t i c s  of Laminar P ro f i l e s .  
Vostn., Moskovskii Univ., Ser.  I - Mat., Mekh., vol. 20, Nov.-Dec. 1965, 
pp. 60-63. 

Results  from some experimental s t u d i e s  of wind-tunnel t e s t i n g  techniques. 
I t  i s  shown t h a t  i n i t i a l  wind-tunnel turbulence i n  a t e s t  must be no more than 
0 .1  t o  0.15% and t h a t  the  Reynolds number must n o t  be l e s s  than lo6, i f  aero- 
dynamical p e c u l i a r i t i e s  a r e  t o  be revealed i n  laminar p r o f i l e s .  

Ava i l ab i l i ty :  
A66-17857 (Original  Russian) 

42 7. Hopkins, Edward J. ; Keating, Stephen J. ,  Jr . ; and Bandett ini  , Angelo : 
Photographic Evidence of Streamwise Arrays of Vortices i n  Boundary-Layer 
Flow. NASA TN D-328, 1960. 

Photographs a r e  presented of various models coated with f luorescen t  o i l  t o  
show evidence of surface  v o r t i c e s  a t  a Mach number of  3.03. Vortex formation 
was evident ly  p resen t  on models w i t h  forward-facing s t eps ,  rearward-facing 
s t e p s ,  wires, d i s c r e t e  surface  p a r t i c l e s ,  o r  unswept f l a t  sur faces  w i t h  sharp 
leading edges. Some photographs a r e  a l s o  presented f o r  the  models coated w i t h  a 
sublimation mater ia l  which c l e a r l y  i n d i c a t e s  the  loca t ion  of boundary-layer 
t r a n s i t i o n ;  however, it does no t  show the  v o r t i c e s  a s  c l e a r l y  a s  the  f luorescent  
o i l .  The study was made on the  models a t  an angle of a t t ack  of  O0 a t  u n i t  
Reynolds numbers o f  7.7 and 10.7 mi l l ion  p e r  foot .  The spacing of the  v o r t i c e s  
a s  ind ica ted  by the  flow s t u d i e s  on t h e  unswept model was smal ler  a t  t h e  higher 
Reynolds number i n  accordance with ~ E r t l c r ' s  theory. The flow s t u d i e s  a l s o  
ind ica ted  t h a t  s t a b l e  surface  v o r t i c e s  produced by e i t h e r  s t e p s  o r  surface  
roughness p e r s i s t e d  over model a reas  known t o  have tu rbu len t  boundary l aye r s .  
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428. Kuethe, A. M.; and Dei t r ick ,  R. A.: Hot-Wire Measurements on a Boundary 
Layer Control Body of Revolution. Rep. No. 2644-1-PI Eng. Res. I n s t . ,  
Univ. of  Michigan, June 21, 1957. (Available from DDC a s  AD 240 583.) 

Ava i l ab i l i ty  : 
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429. Kuethe, A. M. : Hot-Wire Measurements on a Boundary-Layer Control Body of  
Revolution. 2644-2-F, Northrop A i r c r a f t ,  Inc. ,  Sept.  12, 1957. 
(Appendix t o  NAI-58-335. ) 

The purpose of the  work described was t o  determine the  source of  the  genera- 
t i o n  of tu rbu len t  b u r s t s  on the  e l l i p s o i d a l  body of revolut ion.  These b u r s t s  
r e su l t ed  i n  a tu rbu len t  boundary l a y e r  a t  the  higher Reynolds numbers even with 
the  h ighes t  suct ion  q u a n t i t i e s  obtainable.  



In the  f i n a l  r epor t ,  the  work was extended t o  a higher speed and more 
reasonable suct ion.  

Avai labi l i ty :  
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430. Schuh, H.:  The R.A.E. 4 - f t  x 3-f t  Experimental Low-Turbulence Wind Tunnel. 
P a r t  I V .  Fur ther  Turbulence Measurements. R. & M. No. 3261, B r i t i s h  
A.R. C. ,  1962. 

Fur ther  measurements of  turbulence i n  t h e  working sec t ion  a r e  given with 2 
and 3 screens  i n  the  bulge. The extended region of high i n t e n s i t y  turbulence 
near  the  wal ls  of the  working sec t ion ,  which was observed with 9 screens i n  the  
bulge, disappeared when the  number of screens  was reduced from 9 t o  2 o r  3. 
The longi tudinal  component of turbulence i s  approximately independent of  the  
number of screens;  the  l a t e r a l  component does no t  change, i f  the  number of 
screens i s  reduced from 9 t o  3, b u t  increases  by a f a c t o r  2.5 t o  3, i f  t he  num- 
be r  of screens i s  f u r t h e r  reduced from 3 t o  2. 

In  o rde r  t o  explain the  o r i g i n  of  the  turbulence i n  the  working sec t ion ,  
fu r the r  turbulence measurements have been made a t  the  end of the  second d i f f u s e r ,  
before the  rapid  expansion and i n  the  bulge. The i n t e n s i t i e s  of turbulence a r e  
about 12 percent  of  mean speed a t  the  end of the  second d i f f u s e r  and drop t o  
about 4 t o  6 percent  before the  rapid  expansion. However, t h i s  turbulence 
seems t o  be reduced by the  screens i n  t h e  rapid  expansian and i n  t h e  bulge below 
the  l e v e l  of  d is turbances  s e t  up by inhomogeneities of  the  l a s t  screen. These 
disturbances a re  the  o r i g i n  of the  l a t e r a l  components of  turbulence i n  t h e  work- 
ing  sec t ion .  The extended region of high i n t e n s i t y  turbulence near  the  wal ls  of 
the  working sec t ion  i s  connected with the  existence of a r e tu rn  flow i n  the  
bulge, b u t  severa l  poss ib le  explanations e x i s t  a s  t o  how t h i s  produces t h e  
region of high i n t e n s i t y  turbulence i n  the  working sec t ion .  
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431. Squire,  H. B.; and Winter, K. G.: The Royal A i r c r a f t  Establishment 4 f t  x 
3 f t  Experimental Low Turbulence Wind Tunnel. P a r t  I - General Flow 
Charac te r i s t i c s .  R. & M. No. 2690, B r i t i s h  A.R.C., 1953. 

The 4 x. 3 f t  Wind Tunnel was e rec ted  as  a model of l a r g e r  tunnels  t o  inves- 
t i g a t e  unconventional design fea tu res  d i r e c t e d  towards obta in ing a high standard 
of flow. Diffusers  of  5 deg cone angle a r e  used, except f o r  the  r ap id  expansion 
through th ree  wire-gauze screens up t o  the  maximum sect ion .  The contrac t ion  
r a t i o  i s  31.2 : 1 and nine screens a re  f i t t e d  i n  the  maximum sec t ion .  A speed 
control  i s  used opera t ing  independently of the  fan by means of a by-pass duct.  

The ve loc i ty  d i s t r i b u t i o n  across t h e  working-section i s  constant  t o  2's p e r  
cent.  The standard devia t ion  of  the  ve loc i ty  with time measured over a period 
of 50 sec  is  0.03 pe r  cent .  



The flow i n  t he  d i f f u s e r s  shows no tendency t o  s epa ra t e  and t h e  v e l o c i t y  
d i s t r i b u t i o n  approaching the  f i r s t  sc reen  i s  very s a t i s f a c t o r y .  

The i n s t a l l a t i o n  of  cascades wi th  gap/chord r a t i o  of  % g ives  uniform o u t l e t  
flow wi thout  app rec i ab l e  i nc rease  i n  t he  p re s su re  drop. 

There i s  no sepa ra t i on  i n  t he  r a p i d  expansion of  t h e  bu lge ,  bu t  t h e  flow 
i n  t he  con t r ac t i on  cone i s  n o t  s a t i s f a c t o r y .  A longer  con t r ac t i on  would have 
been advantageous. 

The power f a c t o r  has  been measured a s  0.27 with a l l  s c r eens  f i t t e d  b u t  could 
be improved s l i g h t l y  i f  a l l  t h e  l eaks  were s ea l ed .  

The speed c o n t r o l  i s  s a t i s f a c t o r y  i n  ope ra t i on .  
Author 
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432. Schuh, H . ;  and Winter,  K .  G . :  R.A.E. 4 f t  x 3 f t  Experimental Low Turbulence 
Wind Tunnel. P a r t  11: Measurements of  Longi tudinal  I n t e n s i t y  o f  
Turbulence. Rep. AERO.2285, B r i t i s h  R.A.E., Aug. 1948. 
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433. Schuh, H .  ; and Winter,  K. G .  : I n v e s t i g a t i o n  of t h e  Turbulence Character-  
i s t i c s  o f  an Experimental Low-Turbulence Wind Tunnel. Symposium on 
Turbulence, NOLR 1136, U.S. Naval Ord. Lab., J u l y  1, 1950, pp. 49-66. 

This paper desc r ibes  measurements of  t he  l o n g i t u d i n a l  i n t e n s i t y  of  turbu-  
lence  i n  t h e  RAE 4 f o o t  x 3 f o o t  wind tunne l .  The tunne l  was b u i l t  between 1944 
and 1946 t o  provide information on t h e  design o f  tunne ls  o f  very low turbulence .  
I n  add i t i on  t o  t he  hot-wire t e s t s ,  some measurements of  t he  no i se  i n t e n s i t y  were 
made s i n c e  it was known t h a t  i n  low turbulence t unne l s  t h e r e  may be cons iderab le  
con t r ibu t ion  t o  t he  apparent  turbulence from t h e  p a r t i c l e  v e l o c i t i e s  a s s o c i a t e d  
wi th  no ise .  
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434. Wortmann, F, X . :  ~ x p e r i m e n t a l  Inves t i ga t ions  on N e w  Laminar P r o f i l e s  f o r  
Gl iders  and He l i cop te r s .  TIL/T.4906, B r i t i s h  ~ i n i s t .  Avia t . ,  Mar. 1960. 

Based on t h e o r e t i c a l  concepts,  new laminar  a e r o f o i l  s e c t i o n s  have been 
designed and t e s t e d  i n  a low turbulence wind tunne l  t oge the r  wi th  two NACA 
laminar a e r o f o i l  s e c t i o n s  a t  Reynolds numbers between 0.7 x l o 6  and 1 .8  x lo6. 
The t h e o r e t i c a l  concepts  had t o  be completed and co r r ec t ed .  A t  t h e  same low 



drag  range,  t h e  a e r o f o i l  s e c t i o n s  o f  t h e  f i n a l  design show a  reduc t ion  i n  d rag  
o f  15 t o  20 p e r  c e n t  o r ,  f o r  t he  same d rag ,  a  25 p e r  c e n t  i nc rease  of  the  low 
drag  range when compared with t h e  corresponding NACA a e r o f o i l  s e c t i o n s .  
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435. Spe ide l ,  L . :  Measurements Made on Two Laminar P r o f i l e s  f o r  Gl iders .  
TIL/T.4905, B r i t i s h  Minis t .  Av ia t . ,  Feb. 1960. 

The laminar  a e r o f o i l  s e c t i o n  FX 1057-816 t h e o r e t i c a l l y  developed f o r  a  
g l i d e r  by F. X .  Wortmann, and the  corresponding American laminar a e r o f o i l  sec- 
t i o n  NACA 65 (215)-714 have been measured over t h e  range o f  Reynolds numbers from 
0.6 x 106 t o  1 .6  x  106. The p r o f i l e  d rag  was ob ta ined  from wake t r a v e r s e  mea- 
surements ,  t he  normal fo rce  and t h e  moment c o e f f i c i e n t s  from i n t e g r a t i o n  of  t h e  
p r e s s u r e  d i s t r i b u t i o n .  A comparison o f  the  p o l a r  diagrams g ives  t h e  same mini- 
mum d rag  b u t  a  h ighe r  des ign  ca and a  wider trough of  low d rag  than f o r  t he  
NACA a e r o f o i l  s e c t i o n .  
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436. P re s ton ,  J.  H .  : The Boundary-Layer Flow Over a  Permeable Surface Through 
Which Suc t ion  i s  Applied. R. & M. No. 2244, B r i t i s h  A . R . C . ,  1948. 

A b r i e f  review o f  e x i s t i n g  work i s  given and the  p o s s i b i l i t y  o f  c e r t a i n  
simple s o l u t i o n s  f o r  v e l o c i t y  d i s t r i b u t i o n s  o f  t h e  type U = kxm wi th  t h e i r  
app rop r i a t e  s u c t i o n  d i s t r i b u t i o n  is  ind i ca t ed .  An improved approximate ca lcu-  
l a t i o n  of  t he  "en t ry  flowt1 along a  f l a t  p l a t e ,  through which cons t an t  s u c t i o n  i s  
a p p l i e d ,  i s  given i n  some d e t a i l .  Also P r a n d t l ' s  o r i g i n a l  c a l c u l a t i o n  (based on 
t h e  momentum equa t ion )  f o r  boundary-layer flow with cons t an t  s u c t i o n  and a  con- 
s t a n t  adverse v e l o c i t y  g r a d i e n t  i s  repea ted ,  us ing  Howarth's accu ra t e  s o l u t i o n  
f o r  flow wi thout  suc t ion .  I t  i s  a l s o  demonstrated ( s u b j e c t  t o  t h e  accuracy o f  
t h e  approximations) t h a t  d i s t r i b u t e d  suc t ion  should be much more economical i n  
q u a n t i t y  than s u c t i o n  flow through t h e  minimum number of  i s o l a t e d  s l o t s  r equ i r ed  
t o  p reven t  s e p a r a t i o n  i n  t h e  flow under a  cons t an t  adverse v e l o c i t y  g rad i en t .  

P r a c t i c a l  appl ica t io -ns  of  porous suc t ion  a r e  then considered and i l l u s t r a t e d  
by s imple examples. These f a l l  under two headings:-  ( a )  t h e  s t a b i l i s a t i o n  o f  
laminar  flow a g a i n s t  d i s tu rbances ,  ( b )  t h e  prevent ion  o f  s epa ra t i on .  

I t  i s  a l s o  suggested t h a t  porous suc t ion  could be used a s  a  va luable  
r e sea rch  t o o l  t o  t h i n  t h e  boundary l a y e r  and thus  s imula te  high Reynolds number 
cond i t i ons  a t  smal l  t e s t  Reynolds numbers f o r  both incompressible  and compress- 
i b l e  flow. 

Some cons ide ra t i on  i s  given t o  t he  p r a c t i c a l  r e a l i s a t i o n  o f  a  porous s u r f a c e  
which approximates t o  the  mathematical concept.  I t  i s  concluded t h a t  porous 
bronze, made by s i n t e r i n g  m e t a l l i c  powder, i s  t he  most s u i t a b l e  e x i s t i n g  m a t e r i a l  



f o r  l abo ra to ry  experiments.  There seems t o  be no reason why a  s i m i l a r  "sur face"  
should no t  be made i n  l i g h t  a l l o y  f o r  t h e  f l i g h t  a p p l i c a t i o n s .  I t  is  cons idered  
t h a t  t he  s imula t ion  of  a  porous s u r f a c e  by t h e  use of i s o l a t e d  s l o t s  i s  n o t  
s u i t a b l e  un less  t h e i r  spac ing  and width a r e  small  compared wi th  t he  boundary- 
l a y e r  t h i cknes s .  

I t  i s  concluded t h e r e f o r e  t h a t  porous suc t ion  may have important  p r a c t i c a l  
a p p l i c a t i o n s  t o  f l i g h t  a t  bo th  small  and l a r g e  C L 1 s .  Experiments a r e  needed t o  
confirm t h e  i d e a s  p u t  forward i n  t h i s  r e p o r t .  Also accu ra t e  s o l u t i o n s  o f  t h e  
boundary-layer equa t ions  f o r  t he  flow under an adverse p re s su re  g rad i en t  wi th  
porous suc t ion  a r e  r equ i r ed  t o  check t h e  approximate t r ea tmen t  used here in .  

Author 
A v a i l a b i l i t y :  

N65-8982 7 

437, Wuest ,  W,: Development of a  Laminar Boundary Layer Behind a  Suc t ion  Po in t .  
NACA TM 1336, 1952. 

A t h e o r e t i c a l  i n v e s t i g a t i o n  i s  made o f  t h e  development o f  a  laminar  bound- 
ary l a y e r  behind a  suc t ion  s l o t  t h a t  i s  assumed t o  c u t  o f f  p a r t  of  t h e  boundary 
l a y e r  without  e x e r t i n g  any s ink  e f f e c t .  The development, which i s  approximate,  
i s  based on t h e  h e a t  conduction equa t ion .  The h e a t  conduction equa t ion  e n t e r s  
the  a n a l y s i s  through a  l i n e a r i z a t i o n  o f  t he  Prandtl-Mises form o f  t h e  boundary- 
l a y e r  equa t ion .  

A v a i l a b i l i t y  : 
N78-78543 

438. Wuest, W . :  ~ h e r u n ~ w e i s e  Berechnung und s t a b i l i t a t s v e r h a l t e n  von laminaren 
Grenzschichten m i t  Absaugunq durch E i n z e l s c h l i t z e .  Ing-Arch., Bd. X X I ,  
no. 2 ,  1953, pp. 90-103. 

Author g ives  approximate computation o f  development of laminar boundary 
l a y e r  a long a f l a t  p l a t e  with suc t ion  s l o t s .  S t a b i l i t y  o f  t h e  laminar flow with 
t h e  r e s u l t i n g  v e l o c i t y  d i s t r i b u t i o n s  i s  computed by t h e  Tollmien method. Pur- 
pose i s  t o  compare s t a b i l i z a t i o n  obta ined  wi th  s l o t s  wi th  t h a t  f o r  continuous 
s u c t i o n .  

Author concludes t h a t  c r i t i c a l  Reynolds number cannot  be i nc reased  very 
much by s e r i e s  o f  s l o t s  except  f o r  smal l  v e l o c i t y  and l a r g e  boundary-layer 
t h i cknes s .  

Author no t e s  t h e  s e v e r a l  assumptions made, i nc lud ing  use o f  one-parameter 
family of  v e l o c i t y  d i s t r i b u t i o n s ,  n e g l e c t  of  s i nk  p re s su re  f i e l d  of  s l o t s ,  and 
a p p l i c a t i o n  of Tollmien theory t o  p e r i o d i c  v a r i a t i o n  of boundary l a y e r .  

Abs t rac t  Courtesy APPLIED MECHANICS REVIEWS 
A v a i l a b i l i t y :  

N-60686 



439. Ul r ich ,  A . :  Theo re t i ca l  I n v e s t i g a t i o n  of  Drag Reduction i n  Maintaining t h e  
Laminar Boundary Layer by Suct ion.  NACA TM 1121, 1947. 

Maintenance of  a  laminar  boundary l a y e r  by suc t ion  was suggested r e c e n t l y  
t o  decrease t h e  f r i c t i o n  drag  of an immersed body, i n  p a r t i c u l a r  an a i r f o i l  sec-  
t i o n .  The p r e s e n t  t r e a t i s e  makes a  t h e o r e t i c a l  con t r ibu t ion  t o  t h i s  ques t i on  i n  
which, f o r  s e v e r a l  ca se s  o f  suc t ion  and blowing, t he  s t a b i l i t y  o f  the laminar  
v e l o c i t y  p r o f i l e  i s  i n v e s t i g a t e d .  Es t imates  of  t he  minimum suc t ion  q u a n t i t i e s  
f o r  main ta in ing  t h e  laminar  boundary l a y e r  and e s t i m a t e s  of  d rag  reduc t ion  a r e  
thereby obta ined .  

Author 
A v a i l a b i l i t y  : 

N78-78544 

440. Fabula,  A. G . :  Theo re t i ca l  Laminar Boundary Layer Development and Trans i -  
t i o n  on a  Reichard t  Ovoid With Area Suct ion.  Tech. Note P508-3, U . S .  
Naval Ord. Tes t  S t a t . ,  Ju ly  1959. 

The zero-yaw , incompressible  flow case  o f  laminar  boundary - layer  develop- 
ment and t r a n s i t i o n  i s  c a l c u l a t e d  f o r  a  p a r t i c u l a r  body of revolu t ion  which w i l l  
be t e s t e d  i n  a  towing b a s i n .  The modified S c h l i c h t i n g  a n a l y s i s  given i n  NACA 
TN 4350 i s  used t o  cons ider  both t h e  case o f  a  s o l i d  s h e l l  and o f  n e a r l y  uniform 
suc t ion  app l i ed  t o  t he  boundary l a y e r  t o  p reven t  t r a n s i t i o n .  The c a l c u l a t i o n s  
show t h a t  t he  n e u t r a l - s t a b i l i t y  p o i n t s  with r e s p e c t  t o  Tol lmien-Schl icht ing 
waves occur  j u s t  be fo re  t h e  p o i n t  a t  which suc t ion  w i l l  begin.  However because 
of t h e  s h o r t  l eng th  i n  which wave ampl i f i ca t i on  occurs  before  suc t ion ,  t r a n s i -  
t i o n  i s  n o t  expected from t h i s  cause.  Roughness p a r t i c l e s  a s  small  a s  approxi-  
mately 0.001 inch  i n  h e i g h t  could cause t r a n s i t i o n  nea r  t he  nose f o r  t h e  h i g h e s t  
t e s t  speed o f  45 kno t s .  

Author 
A v a i l a b i l i t y :  

N79 -7002 7 
N-73121 

441. Owen, P. R. ; and Randal l ,  D.  G. : Boundary Layer  rans sit ion on a  Sweptback 
Wing: E f f e c t  o f  Incidence.  Tech. Memo. No. Aero. 375, ~ r i t i s h  R.A.E., 
Oct. 1953. 

Some of  t he  r e s u l t s  obtained i n  prev ious  papers  by the  au thors  on boundary 
l a y e r  t r a n s i t i o n  on a  sweptback wing a r e  surnmarised. The method employed by t h e  
au thors  t o  d i s c u s s  t he  s t a b i l i t y  o f  t h e  laminar  boundary l a y e r  on a  sweptback 
wing i s  used t o  i n v e s t i g a t e  t he  e f f e c t  o f  incidence on t h e  s t a b i l i t y .  The flow 
i n  t h e  boundary l a y e r  over  a  wing wi th  an RAE. 102 s e c t i o n  i s  considered f o r  
va r ious  angles  o f  inc idence .  I t  i s  found t h a t  t he  flow is  more s t a b l e  on t h e  
upper sur face  and l e s s  s t a b l e  on the  lower su r f ace  than f o r  t h e  case of  no 



incidence.  The decrease i n  the  s t a b i l i t y  of  t he  flow over  t h e  lower s u r f a c e  
with i nc rease  of CL i s  cons iderab le .  

Author 
A v a i l a b i l i t y  : 

N78-78555 
N-36985 

442. H i r sche l ,  E. H .  : The Inf luence  of t h e  Free-Stream Reynolds Number on 
Trans i t i on  i n  t he  Boundary Layer on an I n f i n i t e  Swept Wing. F lu id  Motion 
Problems i n  Wind Tunnel Design, AGARD-R-602, Apr. 1973, pp. 1-1 - 1-11. 

The three-dimensional compressible laminar boundary l a y e r  on an i n f i n i t e  
swept wing a t  d i f f e r e n t  sweep angles  is  c a l c u l a t e d  and s t a b i l i t y  and t r a n s i t i o n  
c r i t e r i a  a r e  app l i ed  t o  it f o r  f ree-s t ream Reynolds numbers ranging  from va lues  
pos s ib l e  nowadays i n  t r anson ic  wind tunne l s  t o  va lues  t y p i c a l l y  f o r  f u l l - s c a l e  
f l i g h t .  The d i s t r i b u t i o n  of t he  i n v i s c i d  flow i s  taken from experiments on a i r -  
f o i l s ,  and e x h i b i t s  f o r  subsonic  f r e e  s t ream Mach numbers supersonic  reg ions  
te rmina t ing  i n  shock waves a t  about 20 pe rcen t  chord l eng th .  Resul t s  a r e  given 
f o r  fou r  d i f f e r e n t  wing sec t ions .  The techniques employed and t h e i r  s h o r t -  
comings a r e  d i scussed .  

Author 
A v a i l a b i l i t y :  

N73-262 79 

443. Beasley, J. A . :  Ca lcu la t ion  of  t he  Laminar Boundary Layer and P red i c t i on  
of T rans i t i on  on a  Sheared Wing. R. & M.  No. 3787, B r i t i s h  A.R.C. ,  1976. 

A method is  descr ibed  of c a l c u l a t i n g  t he  laminar boundary l a y e r  i n  incom- 
p r e s s i b l e  flow on a  sheared ,  i n f i n i t e  wing; t he  boundary l a y e r  equa t ions  a r e  
solved by a  f i n i t e  d i f f e r ence  procedure.  T rans i t i on  from laminar t o  t u r b u l e n t  
flow fol lowing leading-edge contamination, c ros s  -flow i n s t a b i l i t y  o r  i n s t a b i l i t y  
o f  the  Tollmien -Schl ich t ing  type ,  and r e  -1aminarization a r e  considered.  The 
s u i t a b i l i t y  o f  e x i s t i n g  c r i t e r i a  f o r  p r e d i c t i n g  t r a n s i t i o n ,  when appl ied  t o  a  
sheared wing, i s  i n v e s t i g a t e d  by comparing t h e o r e t i c a l  e s t ima te s  wi th  t he  
experimental  r e s u l t s  of  Bo l t z ,  Kenyon, and Allen.  

Author 
~ v a i l a b i l i t y  : 

N77-21058 

444. C a r t e r ,  James E . :  STAYLAM: A FORTRAN Program f o r  the  Suct ion Trans i t i on  
Analysis  of  a  Yawed Wing Laminar Boundary Layer. NASA TM X-74013, 1977. 

A computer program c a l l e d  STAYLAM is  presen ted  f o r  the computation o f  t h e  
compressible laminar  boundary-layer flow over  a  yawed i n f i n i t e  wing inc lud ing  
d i s t r i b u t e d  suc t ion .  This prograq i s  r e s t r i c t e d  t o  t h e  t r anson ic  speed range o r  
l e s s  due t o  t h e  approximate t rea tment  of  the  compres s ib i l i t y  e f f e c t s .  The pre-  
s c r ibed  s u c t i o n  d i s t r i b u t i o n  i s  permi t ted  t o  change d iscont inuous ly  along t h e  
chord measured perpendicu la r  t o  t h e  wing l ead ing  edge. Es t imates  o f  t r a n s i t i o n  
a r e  made by cons ider ing  lead ing  edge contamination, c ros s  flow i n s t a b i l i t y ,  and 



i n s t a b i l i t y  of t h e  Tol lmien-Schl icht ing type.  A program l i s t i n g  i s  given i n  
add i t i on  t o  u s e r  i n s t r u c t i o n s  and a  sample case.  

Author 
A v a i l a b i l i t y :  

N77-18390 

445. Kozlov, L. F.: Laminar Boundary Layer i n  t h e  Presence o f  Suct ion.  NASA 
TT F-602, 1970. 

This  monograph a t tempts  t o  s y s t e m a t i c a l l y  expound t h e  theory  of  l aminar  
boundary l a y e r  c o n t r o l  by means of suc t ion  of  f l u i d  through t h e  porous s u r f a c e  
of a body. The boundary l a y e r  of  an incompressible  f l u i d  i s  s tud i ed ,  and t h e  
r e l e v a n t  d i f f e r e n t i a l  equa t ions  a r e  der ived .  The a v a i l a b l e  e x a c t  s o l u t i o n s  t o  
the  equa t ions  f o r  a  laminar boundary l a y e r  wi th  s u c t i o n  a r e  presen ted .  Approxi- 
mate methods o f  c a l c u l a t i n g  a  two-dimensional boundary l a y e r  a r e  d i scussed .  The 
problem o f  a  three-dimensional boundary l a y e r  on a  g l i d i n g  a i r f o i l ,  a s  w e l l  a s  
on a body o f  r evo lu t ion  and e longa ted  bodies  of a r b i t r a r y  shape,  i s  considered.  
E x i s t i n g  methods o f  c a l c u l a t i n g  a  laminar  boundary l a y e r  with s l i t  suc t ion  a r e  
d i scussed .  Fundamental problems o f  optimum suc t ion  o f  a  laminar  boundary l a y e r  
t o  achieve a  s u b s t a n t i a l  reduc t ion  of  t h e  d rag  on a  body moving a t  h igh  ve loc i -  
t ies  a r e  examined. These problems a r e  examined both  from t h e  viewpoint o f  
hydrodynamic s t a b i l i t y  theory ,  and from t h e  viewpoint of  t h e  theory of t r a n s i -  
t i o n  from a laminar  t o  a t u r b u l e n t  boundary l a y e r ,  t ak ing  i n t o  account t h e  
i n i t i a l  f low turbulence  and t h e  roughness o f  t h e  body s u r f  ace .  This approach 
makes it p o s s i b l e  t o  develop methods f o r  e s t i m a t i n g  t h e  opt imal  suc t ion  of  a  
laminar  boundary l a y e r ,  t ak ing  i n t o  cons ide ra t i on  t h e  p r i n c i p a l  f a c t o r s  
encountered i n  t e c h n i c a l  a p p l i c a t i o n s .  

A v a i l a b i l i t y  : 
N70-32331 
A69-10615 (Or ig ina l  Russian) 

446. Bushnel l ,  Dennis M . ;  Cary, Aubrey M . ,  Jr.;  and H a r r i s ,  J u l i u s  E . :  Calcula- 
t i o n  Methods f o r  Compressible Turbulent  Boundary Layers - 1976. NASA 
SP-422, 1977. 

Ca lcu l a t i on  procedures  f o r  nonreac t ing  compressible two- and th ree -  
dimensional t u r b u l e n t  boundary l a y e r s  a r e  reviewed. A summary o f  i n t e g r a l ,  
t ransformat ion ,  and c o r r e l a t i o n  methods, a s  wel l  a s  f i n i t e  -d i f  fe rence  s o l u t i o n s  
o f  t h e  complete boundary-layer equa t ions  i s  inc luded .  A l t e r n a t i v e  numerical 
s o l u t i o n  procedures  a r e  examined, and both  mean f i e l d  and mean turbulence  f i e l d  
c lo su re  models a r e  considered.  A d i s cus s ion  of  phys ics  and r e l a t e d  c a l c u l a t i o n  
problems p e c u l i a r  t o  compressible t u r b u l e n t  boundary l a y e r s  i s  included.  A 
l i s t i n g  of  a v a i l a b l e  so lu t ion  procedures  ( f  i n i t e - d i f  fe rence  , f i n i t e - e l emen t ,  and 
weighted-residual  methods) i s  provided.  Deta i led  cons ide ra t i on  i s  given t o  
i n f luence  o f  compres s ib i l i t y ,  low Reynolds number, wa l l  blowing, and p r e s s u r e  
g r a d i e n t  upon mean f i e l d  c lo su re  cons t an t s .  



The information contained i n  t h i s  pub l i ca t i on  was presen ted  a t  t h e  1976 
Von ~ i r m 6 n  I n s  ti t u t e  f o r  F lu id  Dynamics Lecture  S e r i e s  "Compressible Turbulent  
Boundary Layers ,  March 1-5, 1976, Rhode-St. - ~ e n & s e ,  Belgium, 
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A v a i l a b i l i t y  : 
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447. Barinov, V. A. : Three-Dimensional Boundary Layer i n  a  V ic in i ty  of  t h e  
C r i t i c a l  Line o f  t he  S l i d i n g  Wing With Nonuniform Suct ion.  
FTD-MT-24-0423-75, U .  S. A i r  Force,  Feb. 13,  1975. (Avai lab le  from 
DDC a s  AD A007 194.) 

A numerical method f o r  c a l c u l a t i n g  t h e  equa t ions  o f  t he  incompressible  
boundary l a y e r  i s  p re sen t ed ,  which i s  a  gene ra l i za t i on  o f  t h e  method f o r  d e t e r -  
mining i n t e g r a l  r e l a t i o n s h i p s  of  t h e  three-dimensional boundary l a y e r .  Resu l t s  
a r e  given o f  t h e  performance c a l c u l a t i o n  of  t h e  boundary l a y e r  f o r  d i f f e r e n t  
d i s t r i b u t i o n  laws of suc t ion  along t h e  l ead ing  edge o f  a wing. 

Author 
A v a i l a b i l i t y :  
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448. Kozlov, L .  F.:  Ca lcu la t ion  o f  t h e  Incompressible Laminar Boundary Layer on 
a  P l a t e  With S l o t  Suc t ion .  J. Eng. Phys.,  vo l .  9 ,  no. 4 ,  Oct. 1965, 
pp. 293-295. 

Discussion o f  t h e  behavior  a t  high Reynolds numbers o f  t h e  incompressible  
laminar boundary l a y e r  o f  a  viscous f l u i d  p a s t  a  plane p l a t e  wi th  t r ansve r se  
porous s e c t i o n s ,  t he  normal component of v e l o c i t y  of which i s  cons t an t  and 
d i f f e r s  from zero.  The dependence o f  t h e  c h a r a c t e r i s t i c s  o f  such a  l a y e r  on 
the  r a t e  of s u c t i o n  of t he  f l u i d  through porous s e c t i o n s  i s  i n v e s t i g a t e d  apply- 
i n g  t h e  momentum equat ion .  

A v a i l a b i l i t y  : 
A68-28210 
A66-13654 (Or ig ina l  Russian) 

449. Thompson, B. G. J . :  The P red i c t i on  of  Boundary-Layer Behavior and P r o f i l e  
Drag f o r  I n f i n i t e  Yawed Wings: P a r t  I1 - Flow Near a  Turbulent  Attachment 
Line. C.P. No. 1308, B r i t i s h  A . R . C . ,  1974. 

I n  t he  region of s t rong  favourable  p re s su re  g rad i en t  between t h e  leading-  
edge at tachment  l i n e  and t h e  p re s su re  minimum, comparisons wi th  t he  measurement 
of Cumpsty and Head, on a  62.5O swept wing, show t h a t  c u r r e n t  t u r b u l e n t  boundary 
l a y e r  methods do n o t  p r e d i c t  the  boundary l a y e r  growth accu ra t e ly  enough f o r  
p r a c t i c a l  des ign  a p p l i c a t i o n s .  Phys i ca l l y ,  t h e  condi t ions  a r e  s eve re  as  t h e r e  
a r e  s t r o n g  cross-f lows developing i n  t h e  presence of l a r g e  wal l  curva ture .  



~ a l c u l a t i o n s ,  u s ing  t h e  entrainment  method show t h a t ,  even a t  f l i g h t  
Reynolds numbers, a  convent ional  swept wing wi th  t u r b u l e n t  attachment l i n e  flow 
could be a f f e c t e d  by a  prolonged region o f  reverse  t r a n s i t i o n .  Simple assump- 
t i o n s  a r e  used t o  e s t ima te  t he  e f f e c t  of  t h i s  on boundary-layer development. I t  
is  found t h a t  the  p r o f i l e  d rag  could be a f f e c t e d  by s e v e r a l  p e r  c e n t  and i t  i s  
thought t h a t  t h e  shock-induced sepa ra t i on  and s c a l e  e f f e c t s  f o r  'peakyf  t r anson ic  
a e r o f o i l s  would be even more s u s c e p t i b l e  t o  t h e  presence of laminar r eve r s ion  
and t h a t  t he  use o f  an attachment l i n e  c r i t e r i o n  f o r  t u r b u l e n t  flow (such a s  C*) 
is  inadequate  on i t s  own. 

F i n a l l y ,  c a l c u l a t i o n s  us ing  t h e  same boundary-layer method a r e  employed t o  
provide c h a r t s  from which a  b a s i c  experiment a t  low speeds can be designed t o  
i n v e s t i g a t e  t he se  problems on a  yawed c i r c u l a r  c y l i n d e r  ( s u i t a b l y  f a i r e d )  . 
Resul t s  a r e  provided f o r  t h e  1 3 f t  x 9 f t  wind tunne l  a t  RAE Bedford and f o r  t h e  
5 f t  x 4 f t  wind tunne l  a t  t h e  Cambridge Universi ty  Engineer ing Laboratory. 
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450. Walz, A . :  ~ a h e r u n ~ s t h e o r i e  f u r  Grenzschichtabsaugung durch E i n z e l s c h l i t z e .  
DVL Ber. N r .  184, June 1962. 

This paper  desc r ibes  work with t h e  s i n g l e  s l i t  p r i n c i p l e  a s  app l i ed  t o  
boundary s u c t i o n ;  while most p r ev ious  t h e o r i e s  a r e  concerned wi th  continuous 
suc t ion .  With t h i s  new theory ,  only two unknowns a r e  in t roduced  f o r  t h e  v e l o c i t y  
p r o f i l e  - a  t h i cknes s  parameter and a  form parameter.  The b a s i c  thought  o f  t h e  
suc t ion  theory  now i s  whether t h e  parameter  va lues  a f t e r  t h e  s u c t i o n  s l i t  can be 
a sce r t a ined  from t h e  parameter va lues  before  t h e  s l i t .  This  i s  necessary because 
the  approaching v e l o c i t y  p r o f i l e  i s  c u t  i n t o  by the  suc t ion  mass a s  i n  t h e  con- 
t i n u i t y  cond i t i on ,  and s e t s  t h e  parameters  f o r  t h e  r e s i d u a l  p r o f i l e .  Within 
t he se  parameters ,  t he  va lues  behind t h e  s l i t  a r e  computed. The theory i s  devel-  
oped f o r  t u r b u l e n t  boundaries on ly ,  based on the  v e l o c i t y  p r o f i l e  a f t e r  t h e  
usua l  power onse t .  

A v a i l a b i l i t y :  
N62-16345 (Or ig ina l  German) 

451. M i l l s ,  R. D . :  On Boundary-Layer Suc t ion  Through Narrow S l o t s .  Q .  J. 
Mech. & Appl. Math., vo l .  X X I V ,  p t .  4, 1971, pp. 461-471. 

An a n a l y t i c a l  t rea tment  i s  given of t h e  laminar boundary l a y e r  on a  f l a t  
p l a t e  wi th  a  narrow suc t ion  s l o t .  When t h i s  flow is  expanded i n  a  c e r t a i n  per -  
t u rba t ion  s e r i e s  about  t h e  B la s iu s  s o l u t i o n ,  it becomes p o s s i b l e  t o  determine 
the  f i r s t - o r d e r  s o l u t i o n  i n  i n t e g r a l  form. This s o l u t i o n  tends uniformly t o  t he  
B la s iu s  s o l u t i o n  a s  t he  suc t ion  v e l o c i t y  and/or s l o t  width tend  t o  zero.  An 
approximation i s  obta ined  f o r  the wa l l  shea r  s t r e s s  d i s t r i b u t i o n  i n  terms of  t he  
incomplete gamma func t ion .  Comparisons a r e  made between t h e  r e s u l t s  o f  t h e  



p r e s e n t  a n a l y s i s ,  Rheinbold t ' s  s o l u t i o n  and numerical s o l u t i o n s .  The f i r s t -  
o rde r  s o l u t i o n  was found t o  be q u i t e  accura te  when the  suc t ion  parameter  i s  
smal l .  
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452. Kozlov, L. P . :  Flow of Viscous Gas i n  t he  Region o f  a S l o t  With Strong 
Suc t ion .  NASA TM-75241, 1978. (Also a v a i l a b l e  i n  Sov ie t  Appl. Mech., 
v o l .  10,  no. 1, Jan.  1974, pp. 109-111.) 

The flow of  a p e r f e c t  viscous gas  was s t u d i e d  i n  t h e  reg ion  of  a s l o t  wi th  
s t r o n g  suc t ion .  Veloci ty  and temperature d i s t r i b u t i o n  f i e l d s  a r e  computed o f  
t he  case  of thermally i n s u l a t e d  and h e a t  conducting su r f aces .  The dependence o f  
the  flow c h a r a c t e r i s t i c s  on t h e  suc t ion  gas  discharge i s  ob ta ined  f o r  a s i n g l e  
s l o t  w i t h  s t r o n g  suc t ion .  

Author 
A v a i l a b i l i t y  : 
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453. Lugt, Hans J.; and Oh, S in  K . :  Boundary-Layer Suc t ion  With S l o t s  on 
Axisymmetric Bodies. Rep. 4038, Naval Ship.  Res. & Develop. Center ,  
Nov. 1972. (Avai lable  from DDC a s  AD 917 269L. ) 

A v a i l a b i l i t y :  
X74-76137 
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454. El-Gamal, H .  A . ;  and Barclay,  W .  H . :  Laminar Streamwise Corner Flow With 
Suc t ion .  Aeronaut. J . ,  vo l .  79, no. 778, Oct. 1975, pp. 466-469. 

Flow a long  a corner  formed by two s e m i i n f i n i t e  i n t e r s e c t i n g  f l a t  p l a t e s ,  
with t h e  corner  l i n e  p a r a l l e l  t o  t he  s t r eaml ines  o f  a uniform i n c i d e n t  flow 
p a t t e r n ,  i s  analyzed f o r  uniform s u c t i o n  app l i ed  a t  t h e  p l a t e  s u r f a c e s .  The 
flow i s  broken down i n t o  fou r  d i s t i n c t  reg ions :  a reg ion  o f  p o t e n t i a l  flow, a 
three-dimensional v i scous  boundary l a y e r  region,  a corner  l a y e r  a t  t h e  i n t e r -  
s e c t i o n  l i n e ,  and ou t s ide  these  a region i n  which viscous fo rces  a r e  absent  t o  
a t  l e a s t  f i r s t  o rde r .  The problem i s  s i m p l i f i e d  by assuming ze ro  streamwise 
p re s su re  g r a d i e n t  and cons ider ing  only flow s u f f i c i e n t l y  f a r  downstream of t h e  
l ead ing  edge f o r  t h e  flow i n  two-dimensional reg ions  f a r  from t h e  corner  l i n e  
t o  have a t t a i n e d  an asymptotic s t a t e .  

A v a i l a b i l i t y  : 
A76-13117 



455. Gersten,  Klaus; and Gross, Joseph F .  : Flow and Heat Transfer  Along a 
Plane Wall With Pe r iod i c  Suc t ion .  J. Appl. Math. Phys.,  vo l .  2 5 ,  1974, 
pp. 399-408. 

Considerat ion of  a three-dimensional incompressible  laminar boundary l a y e r  
i n  a flow moving a t  zero inc idence  angle  p a s t  a f l a t  p l a t e  and undergoing suc-  
t i o n  a t  t he  p l a t e  wal l  a t  a s l i g h t l y  s i n u s o i d a l  t r ansve r se  suc t ion  r a t e  d i s t r i -  
bu t ion .  The flow-perpendicular and f l ow-pa ra l l e l  components of  t he  wal l  shea r  
stress and t h e  h e a t  t r a n s f e r ,  a long wi th  i t s  dependence on t h e  P rand t l  number, 
a r e  determined f o r  t h e  asymptot ic  flow condi t ions  p r e v a i l i n g  f a r  downstream. 

A v a i l a b i l i t y :  
A74-43363 

456. S a r i c ,  W i l l i a m  S. ; and Nayfeh, A l i  Hasan: Nonparal le l  S t a b i l i t y  of 
Boundary Layers With Pressure  Gradients  and Suc t ion .  Laminar-Turbulent 
T r a n s i t i o n ,  AGARD-CP-224, Oct. 1977, pp. 6-1 - 6-21. 

A v a i l a b i l i t y :  
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457. Betchov, Robert; and Criminale , William O . ,  Jr. : S t a b i l i t y  o f  P a r a l l e l  
Flows. Academic P re s s ,  196 7. 

This volume dea l s  wi th  the  problems of  s t a b i l i t y  of  p a r a l l e l  laminar  f lows,  
A l l  systems a r e  cons idered ,  i nc lud ing  channel f lows,  p ipe  flows, j e t s ,  wakes, 
f ree-shear  l a y e r s ,  and t h e  boundary l a y e r .  

The f i r s t  p a r t  o f  t h e  book i s  an in t roduc t ion  t o  t h e  s u b j e c t ,  l e ad ing  t h e  
r eade r  t o  a phys i ca l  comprehension of  flow o s c i l l a t i o n s .  P a r t  Two i s  i n  t he  
form o f  a monograph provid ing  r e sea rche r s  with an up-to-date p i c t u r e  of  t h e  
s t a t e  o f  t he  a r t .  

Throughout t h e  book, numerical techniques and methods a r e  in t roduced  t o  
analyze and so lve  problems. Emphasis i s  on the  phys i ca l  b a s i s  of  t he  problems. 
Experimental knowledge and r e s u l t s  a r e  presen ted  i n  d e t a i l .  Numerous i l l u s t r a -  
t i o n s  and graphs amplify t h e  t e x t .  

458. Joseph,  Daniel D.:  S t a b i l i t y  o f  F lu id  Motions I .  Springer-Verlag, 1976. 

Joseph, Daniel D .  : S t a b i l i t y  of  F lu id  Motions 11. Springer-Verlag, 1976. 

The s tudy  o f  s t a b i l i t y  aims a t  understanding t h e  ab rup t  changes which a r e  
observed i n  f l u i d  motions a s  t h e  e x t e r n a l  parameters  a r e  va r i ed .  I t  i s  a 
demanding s tudy ,  f a r  from f u l l  grown, whose most i n t e r e s t i n g  conclusions a r e  
r ecen t .  I have w r i t t e n  a d e t a i l e d  account o f  those p a r t s  o f  t h e  r e c e n t  theory  
which I r ega rd  a s  e s t a b l i s h e d .  

Author 



459. Van Ingen, J. L.:  A Method of  Calcu la t ing  t h e  T rans i t i on  Region f o r  Two- 
Dimensional Boundary Layers With D i s t r i bu t ed  Suc t ion .  Paper p re sen t ed  
a t  6 t h  European Aeronaut ical  Congress (Munich) , Sep t .  1-4, 1965. 

Use o f  t he  l i n e a r  s t a b i l i t y  theory t o  c a l c u l a t e  the "ampl i f ica t ion  f a c t o r "  
ca of uns tab le  d i s tu rbances  i n  t he  laminar  boundary l a y e r .  I t  i s  shown t h a t  a t  
t he  exper imenta l ly  determined t r a n s i t i o n  p o s i t i o n  t h i s  f a c t o r  Oa has  roughly t h e  
same va lue  f o r  d i f f e r e n t  experiments wi th  and wi thout  suc t ion .  Hence, i n  
r eve r se  t h e  t r a n s i t i o n  p o s i t i o n  can be ca l cu l a t ed  assuming t h a t  t r a n s i t i o n  
occurs  a s  soon a s  Oa has  reached t h i s  c r i t i c a l  value.  It i s  shown t h a t  an 
e a r l i e r  method f o r  t h e  p r e d i c t i o n  o f  t r a n s i t i o n  f o r  two-dimensional boundary 
l a y e r s  without  s u c t i o n  i s  a l s o  app l i cab l e  i n  t h e  case  of  s u c t i o n  through a  
porous su r f ace .  Using t h i s  method, it i s  p o s s i b l e  t o  design r a t i o n a l  suc t ion  
d i s t r i b u t i o n s  f o r  a  given a i r f o i l ,  o r  t o  improve t h e  des ign  of  t h e  a i r f o i l  
s e c t i o n  i t s e l f .  

A v a i l a b i l i t y  : 
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460. Kaups, K . :  T rans i t i on  P r e d i c t i o n  on Bodies of  Revolution. Rep. 
No. MDC J6536 (Cont rac t  No. N66001-74-C-0020), Douglas A i r c r a f t  Co., 
Apr. 1974, (Avai lable  from DDC a s  AD 778 045 . )  

The purpose of  t he  s tudy was t o  eva lua t e  t r a n s i t i o n  p r e d i c t i o n  methods f o r  
axisymmetric con f igu ra t i ons  a t  high Reynolds numbers i n  incompressible  flow. 
Methods s e l e c t e d  f o r  comparison were those of  Michel, Smith and Gamberoni, H a l l  
and Gibbings, and Granv i l l e .  Evaluat ion a g a i n s t  t h e  l i m i t e d  amount o f  expe r i -  
mental d a t a  a v a i l a b l e  a t  r e l a t i v e l y  low Reynolds numbers i n d i c a t e s  t h a t  no 
s i n g l e  method g i v e s  c o n s i s t e n t l y  s a t i s f a c t o r y  answers. The method of  Smith and 
Gemberoni i s  given some d iscuss ion .  A l l  four  methods w e r e  a l s o  app l i ed  t o  t h e  
c a l c u l a t i o n  of t r a n s i t i o n  p o i n t s  on four  s p e c i f i e d  con f igu ra t i ons  and t o  a  series 
of  fou r  s emi - in f in i t e  bodies  wi th  e l l i p t i c  nose caps.  
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461. Mack, L e s l i e  M. : On the  Applicat ion of Linear  S t a b i l i t y  Theory t o  the  
Problem o f  Supersonic Boundary-Layer T rans i t i on .  AIAA Paper No. 74-134, 
Jan.-Feb. 1974. (Also a v a i l a b l e  i n  AIAA J . ,  vo l .  13,  no. 3, Mar. 1975, 
pp. 278-287.) 

L inear  s t a b i l i t y  theory i s  used t o  c a l c u l a t e  t h e  amplitude r a t i o  o f  
constant-frequency d i s tu rbances  a s  a  func t ion  o f  Reynolds number f o r  i n s u l a t e d  
and cooled-wall  f l a t - p l a t e  boundary l a y e r s  between Mach numbers 1 . 3  and 5.8. 
The growth curves a r e  used t o  examine t h e  consequences o f  us ing  a  f i x e d  ampli- 
tude of  t he  most uns tab le  frequency a s  a  t r a n s i t i o n  c r i t e r i o n .  The e f f e c t  o f  
f ree-s t ream Mach number on insu la ted-wal l  boundary Layers i s  c a l c u l a t e d ,  assum- 
i n g  t h a t  the  i n i t i a l  d i s turbance  l e v e l  i s  cons t an t ,  i s  p ropor t i ona l  t o  t he  
square s f  the free-s t ream Mach number and t o  the square r o o t  of  the  energy 



d e n s i t y  of t h e  one-dimensional power s p e c t r a  of f ree-s t ream d i s tu rbances  mea- 
sured i n  supersonic  wind tunne ls .  
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462. Berger,  S .  A. ; and Aroesty,  J. : "egrv :  s t a b i l i t y  Theory and Boundary-Layer 
T rans i t i on .  R-1898-ARPA (Cont rac t  No. DAHC15-73-C-0181), Rand Corp., 
Feb. 1977. (Avai lable  from DDC a s  AD A038 908.) 

Success fu l  low-drag design employs methods o f  boundary-layer c o n t r o l  t o  
de lay  t h e  t r a n s i t i o n  of  uns tab le  laminar  boundary l a y e r s ,  b u t  a  s u i t a b l e  compre- 
hensive theory i s  needed t o  guide p r e d i c t i o n  and c o n t r o l  of  boundary-layer t r a n -  
s i t i o n  f o r  low-drag hydrodynamics. This r e p o r t  sugges ts  new and less formal 
non l inea r  t h e o r i e s ,  which combine t h e  growth r a t e s  and frequency dependence of  
t he  two-dimensional Tollmien-Schlichting waves (which a r e  t he  b a s i s  o f  t he  ' e-9 ' 
method) and t h e  three-dimensional non l inea r  processes  of  modern s t a b i l i t y  
theory.  These could u l t i m a t e l y  l e a d  t o  improvements i n  t h e  understanding and 
manipulation of  t h e  t r a n s i t i o n  p roces s  i n  low-drag hydrodynamics, and t o  t h e  
i n c l u s i o n  of  d i s turbance  e f f e c t s .  

A v a i l a b i l i t y :  
N77-28448 
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463. Mack, L e s l i e  M . :  T r ans i t i on  P red i c t i on  and Linear  S t a b i l i t y  Theory. 
Laminar-Turbulent T rans i t i on ,  AGARD-CP-224, Oct. 1977, pp . 1-1 - 1-22. 

L inear  s t a b i l i t y  theory is  used i n  computing t h e  amplitude r a t i o  f o r  o t h e r  
than two-dimensional i n s t a b i l i t y  waves. The wave motion i s  obta ined  from t h e  
ray equa t ions  of  kinematic  wave theory ,  and t h e  amplitude r a t i o  by simply i n t e -  
g r a t i n g  t h e  s p a t i a l  amp l i f i ca t i on  r a t e  of  t he  p a r a l l e l  flow theory along a r ay .  
Both t h e  temporal and s p a t i a l  t h e o r i e s  a r e  examined f o r  two- and three-  
dimensional incompressible  and two-dimensional compressible boundary l a y e r s .  
The d i s p e r s i o n  r e l a t i o n  i s  most d i r e c t l y  obtained with t h e  temporal theory ,  b u t  
the  magnitude and d i r e c t i o n  of  t h e  group v e l o c i t y  have t o  be computed t o  g ive  
t he  s p a t i a l  amp l i f i ca t i on  r a t e ,  and then only approximately.  The s p a t i a l  theory 
g ives  t h e  s p a t i a l  amp l i f i ca t i on  r a t e  d i r e c t l y ,  b u t  only a f t e r  t he  d i r e c t i o n  of 
t he  group v e l o c i t y  i s  known. T rans i t i on  p r e d i c t i o n  methods, d iv ided  i n t o  
amplitude-density and amplitude methods, a r e  discussed.  
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464. Brown, W .  Byron: Numerical Calcu la t ion  o f  t h e  S t a b i l i t y  of  Cross-Flow 
P r o f i l e s  i n  Laminar Boundary Layers on a  Rotat ing Disc and on a  Swept- 
Back Wing and an Exact Calcu la t ion  of  t he  S t a b i l i t y  o f  t he  Blas ius  
Veloci ty  P r o f i l e .  Rep. No. NAI-59-5 (BLC-117) (Cont rac t  No. 
AF33 (616) -3198) , Northrop A i r c r a f t ,  I n c . ,  Jan. 1959. (Avai lab le  from 
DDC a s  AD 314 541.) 



A numerical method of f ind ing  exac t  so lu t ions  of t h e  Orr-Sommerfeld s t a -  
b i l i t y  equat ion has  been developed and appl ied  t o  t he  Blas ius  p r o f i l e  and e i g h t  
three-dimensional p r o f i l e s  s i m i l a r  t o  those occurr ing  i n  the  laminar boundary 
l a y e r s  of swept-back wings. Very exac t  agreement with experiment was found f o r  
t he  Blas ius  two-dimensional p r o f i l e .  Reasonably good agreement was obtained 
f o r  t he  s t agna t ion  p r o f i l e  of  a swept wing. 

In  t he  case of t h e  r o t a t i n g  d i s c  p r o f i l e ,  the  agreement between theory and 
experiment i s  n o t  a s  good a s  i n  the  two-dimensional ca se ,  i n d i c a t i n g  t h a t  more 
complete equat ions  than the  Orr-Sommerfeld may be needed f o r  an accura te  so lu-  
t i o n  of t he  three-dimensional type p r o f i l e s  . 
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465. Mack, L. M. : The S t a b i l i t y  of  the  Compressible Laminar Boundary Layer 
According t o  a D i rec t  Numerical Solu t ion .  Recent Developments i n  
Boundary Layer Research, P a r t  I ,  AGARDograph 97, May 1965, pp. 329-362. 

Two d i r e c t  numerical methods a r e  used t o  ob ta in  eigenvalues and eigen-  
func t ions  of t h e  complete l i n e a r i z e d  s t a b i l i t y  equat ions  and of t he  i n v i s c i d  
s t a b i l i t y  equat ions .  For t he  i n v i s c i d  equat ions ,  new fami l i e s  o f  amplif ied 
so lu t ions  a r e  found. The maximum ampl i f ica t ion  r a t e s  and frequencies  of t hese  
so lu t ions  a r e  computed a s  func t ions  of M 1 ,  the  free-stream Mach number, and a s  
func t ions  of  wal l  temperature (cooled wal l  only)  a t  MI = 5.8. I t  i s  found t h a t  
one of  the  new f a m i l i e s  of s o l u t i o n s  i s  the  most uns tab le  and i s  d e s t a b i l i z e d  by 
cool ing.  For f i n i t e  Reynolds numbers, n e u t r a l  s t a b i l i t y  curves a r e  computed, 
and a t  a f i xed  Reynolds number the maximum ampl i f i ca t ion  of  d i s turbances  o f  
cons tan t  frequency i s  computed a s  a func t ion  of  M1 and of  the  wa l l  temperature 
a t  MI = 5.8. The maximum ampl i f ica t ion  decreases  with inc reas ing  M1 a t  low 
supersonic Mach numbers, r i s e s  t o  a peak near  M1 = 5 ,  and then decreases  with 
f u r t h e r  i nc reases  i n  M1. Cooling the  wal l  i s  found t o  have l i t t l e  e f f e c t  on 
the  maximum ampl i f i ca t ion .  

Author 
A v a i l a b i l i t y  : 
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466. Brown, W. Byron: Exact Numerical Solu t ion  of the  Complete Lees-Lin Equa- 
t i o n s  f o r  t h e  S t a b i l i t y  of Compressible Flow. Summary o f  Laminar 
Boundary Layer Control Research - Volume I ,  ASD-TDR-63-554, U.S. A i r  
Force, Mar. 1964, pp. 55-67. (Avai lable  from DDC a s  AD 605 185.) 

A numerical s o l u t i o n  of the  Lees-Lin equat ions has  been descr ibed and used 
t o  compute the  n e u t r a l  s t a b i l i t y  curves f o r  two s e r i e s  of f l a t  p l a t e  p r o f i l e s  
from M = O t o  M = 5 - 0 .  The two s e r i e s  a r e  those whose ve loc i ty  and temperature 
p r o f i l e s  have been previous ly  publ ished.  In t h e  f i r s t  s e r i e s ,  the s t agna t ion  
temperature of  t he  a i r  stream was taken a s  100° F,  appropr ia te  t o  many wind 
tunnel  experiments.  In  the  second s e r i e s ,  the f reestream s t a t i c  temperature 



was taken a s  -67O F, appropr ia te  t o  high f l y i n g  a i r p l a n e s .  I n  a d d i t i o n ,  some 
c a l c u l a t i o n s  have been made f o r  M = 5 , 8  t o  compare with d a t a  prev ious ly  pub- 
l i s h e d .  Another s e r i e s  of experiments was c a r r i e d  ou t  a t  M = 5.8. In  o rde r  t o  
compare these  r e s u l t s  wi th  the  t h e o r e t i c a l  s o l u t i o n s ,  v e l o c i t y  and temperature 
p r o f i l e s  were computed f o r  t h i s  case .  I t  i s  concluded t h a t  t o  a  Mach number o f  
about 1 .6 ,  t h e  Lees-Lin equat ions  agree very c lose ly  with observed s t a b i l i t y  
da t a  i n  both upper and lower branches of  the n e u t r a l  s t a b i l i t y  curve. From t h e r e  
up t o  5.8,  n e u t r a l  s t a b i l i t y  c a l c u l a t i o n s  with the  Lees-Lin equat ions  agree we l l  
with experimental  d a t a  f o r  t h e  lower branch o f  t h e  n e u t r a l  curve. The ca l cu la -  
t i o n s  do n o t  agree with the  d a t a  i n  t h e  upper branch. 

A v a i l a b i l i t y  : 
N65-25552 
AD 605 185 

467. Brown, W.  Byron: Exact Numerical Solu t ion  of t he  Complete Linearized 
Equations f o r  t he  S t a b i l i t y  of  Compressible Boundary Layers. Rep. 
No. NOR-62-15, Northrop Corp.,  Jan. 1962. 

The importance of t he  terms i n  t he  Lees-Lin equat ions  t h a t  a r e  omit ted i n  
the  Dunn-Lin equat ions  has been poin ted  o u t  by Lees and Reshotko. Reshotko 
showed t h a t ,  a t  a  Mach number of 5 .6 ,  t he  add i t i on  of some of t he  p r i n c i p a l  
terms involv ing  temperature d e r i v a t i v e s  of t he  v i s c o s i t y  increased  t h e  computed 
R.N. s e v e r a l  hundred pe r  cen t .  D r .  Pfenninger suggested the  extension t o  t h e  
complete l i n e a r i z e d  equat ions  of Lees and Lin of an e x a c t  numerical method of 
s o l u t i o n  t h a t  had been developed f o r  t he  Orr-Sommerfeld equat ion i n  t he  incom- 
p r e s s i b l e  case  and f o r  t h e  Dunn-Lin equat ions i n  the  compressible case.  This  
was done and i t  appears ev ident  t h a t  t he  more the  c a l c u l a t i o n s  a r e  r e f ined ,  t h e  
b e t t e r  t he  r e s u l t s  agree with experiments a t  h igher  Mach numbers. 

Author 
A v a i l a b i l i t y :  
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468. Brown, W.  Byron: Crossflow S t a b i l i t y  Calcu la t ions  on Highly Swept 
(65O Sweep) Supersonic Low Drag BLC Wing (Mach Number 1 .8)  With and 
Without Cooling. Rep. No. NOR-61-263 (BLC-138) , Northrop A i r c r a f t ,  Inc .  , 
Feb. 1962. (Also a v a i l a b l e  i n  Summary of Laminar Boundary Layer Control  
Research - Volume I ,  ASD-TDR-63-554, U.S. A i r  Force,  Mar. 1964, 
pp. 68-72. (Avai lable  from DDC a s  AD 605 185.) ) 

A s i m p l i f i e d  vers ion  of t he  complete Lees-Lin equat ions  has been used t o  
compute the  s t a b i l i t y  of the  crossf low p r o f i l e s  on a  h ighly  swept (65-degree 
sweep) supersonic low drag  BLC wing a t  Mach number of 1.86 with and without  
cool ing .  Two crossf low p r o f i l e s  ( v e l o c i t y  and temperature) were considered. 
Four s t a b i l i t y  curves were computed, two f o r  each p r o f i l e .  Because the  boundary 
condi t ion  a t  t h e  wal l  i s  d i f f e r e n t  f o r  high and low d is turbance  f requencies ,  
each condi t ion  was computed f o r  each p r o f i l e .  For comparative purposes t h e  



Orr-Sommerfeld equa t ion  was appl ied  t o  t he  two v e l o c i t y  p r o f i l e s ,  t h e  tempera- 
t u r e  p r o f i l e s  be ing  neglec ted .  

469. Brown, W. Byron: Incompressible Crossflow S t a b i l i t y  Calcu la t ions  With 
Various Angles o f  t he  Wave Fronts  With t h e  P o t e n t i a l  Flow Direc t ion .  
Summary o f  Laminar Boundary Layer Control  Research - Volume I ,  
ASD-TDR-63-554, U. S. A i r  Force,  Mar. 1964, pp. 73-95. (Avai lable  from 
DDC a s  AD 605 185.) 

The suc t ion  p r o f i l e s  on a swept wing c lo se  t o  t h e  wing t r a i l i n g  edge have 
been computed and used, i n  t u r n ,  t o  compute f o u r  n e u t r a l  s t a b i l i t y  curves .  
Among these  fou r ,  t h e  t r ansve r se  p r o f i l e  has  t h e  lowest  va lue  f o r  t he  c r i t i c a l  
Reynolds number. The curves show t h a t  both t h e  c r i t i c a l  Reynolds number and 
the  range o f  wave numbers i n  which ampl i f i ca t i on  is  p o s s i b l e  depends on E, which 
measures t h e  d i r e c t i o n  of  t he  p r o f i l e  p l ane .  It i s  concluded t h a t  t h e  c r i t i c a l  
Reynolds number computed from t h e  t r ansve r se  boundary l a y e r  p r o f i l e  a t  a s t a t i o n  
c lo se  t o  t h e  t r a i l i n g  edges o f  a swept laminar  suc t ion  wing i s  wi th in  about 
t e n  p e r c e n t  of  t h e  lowest  value f o r  any p l ane  p r o f i l e .  

A v a i l a b i l i t y :  
N65-25554 
AD 605 185 

470. Brown, W. Byron: S t a b i l i t y  of Compressible Flow Over a F l a t  P l a t e .  Theo- 
r e t i c a l  I n v e s t i g a t i o n s  of Boundary Layer S t a b i l i t y .  AFFDL-TR-64-184, U.S. 
A i r  Force,  Sept .  1966, pp. 89-109. (Avai lable  from DDC a s  AD 809 388.) 

A v a i l a b i l i t y :  
X67-20406 
AD 809 388 

471. Brown, W. Byron: Numerical So lu t ion  o f  t h e  Complete Three Dimensional 
S t a b i l i t y  Equat ions o f  t he  Compressible Boundary Layer on a F l a t  P l a t e .  
Contract  No. AF33(657)-11618, Norair  Div.,  Northrop Corp.,  Oct. 1964. 

A v a i l a b i l i t y  : 
X67-20407 

472. Merkle, Char les  L.: s t a b i l i t y  and Trans i t i on  i n  Boundary Layers on Reentry 
Vehicle Noset ips .  AFOSR-TR-76-1107, U.S. ~ i r  Force, June 1976. 
(Avai lable  from DDC a s  AD A035 712.) 



The s t a b i l i t y  c h a r a c t e r i s t i c s  of  the  boundary l a y e r  on the  n o s e t i p  of a  
r een t ry  veh ic l e  have been i n v e s t i g a t e d  f o r  a  wide range o f  condi t ions .  Resu l t s  
based upon c l a s s i c a l  pa ra l l e l - f l ow  s t a b i l i t y  theory i n d i c a t e  t h a t  boundary 
l a y e r s  on smooth-walled n o s e t i p s  a r e  s t a b l e  by a  wide margin a t  r e a l i s t i c  
Reynolds numbers. The add i t i on  of nonpa ra l l e l  e f f e c t s ,  i nc lud ing  the  axisym- 
me t r i c  vo r t ex  s t r e t c h i n g  t h a t  i s  encountered a s  t h e  boundary l a y e r  i s  swept over  
the  n o s e t i p ,  moves t he  n e u t r a l  s t a b i l i t y  curve t o  lower Reynolds numbers, b u t  by 
only n e g l i g i b l e  amounts, i n d i c a t i n g  t h a t  t h e  p a r a l l e l - f l o w  a n a l y s i s  i s  more than  
adequate f o r  t h e  p r e s e n t  problem. The s t a b i l i t y  r e s u l t s  f o r  rough-surfaced 
n o s e t i p s ,  which a r e  based on a  phenomenological model f o r  t he  e f f e c t s  o f  rough- 
ness  on the  mean flow p r o f i l e s ,  y i e l d  completely d i f f e r e n t  conclusions.  The 
presence of  roughness can produce l a r g e ,  s t rong ly  uns tab le  reg ions  on t h e  nose- 
t i p .  I n  p a r t i c u l a r ,  t he  i n t e r a c t i o n  between roughness and o t h e r  parameters i s  
e s p e c i a l l y  important .  The r e s u l t s  i n d i c a t e  t h a t  i n  t h e  presence of  roughness,  
wal l  cool ing i s  s t r o n g l y  d e s t a b i l i z i n g ,  whereas t h e  e f f e c t s  of  t h e  p re s su re  
g r a d i e n t  a r e  very weak. Both of  these  p r e d i c t i o n s  a r e  completely d i f f e r e n t  from 
smooth-wall s t a b i l i t y  r e s u l t s  b u t  a r e  i n  agreement with numerous experimental  
t r a n s i t i o n  r e s u l t s .  The c a l c u l a t i o n s  a l s o  i n d i c a t e  t h a t  su r f ace  mass a d d i t i o n  
is d e s t a b i l i z i n g  i n  the  presence of  smooth wal l s  ( b u t  by much smal le r  amounts 
than i n d i c a t e d  i n  the  experiments o f  Demetriades),  while  it has  very small  
e f f e c t s  i n  t h e  presence of  wal l  roughness. A gene ra l  observa t ion  based on t h e s e  
r e s u l t s  i s  t h a t  boundary l a y e r  t r a n s i t i o n  on nose t ip s  occu r s  because o f  t h e  
simultaneous e f f e c t s  of su r f ace  roughness, s t r o n g  favorab le  p re s su re  g r a d i e n t s ,  
and wa l l  cool ing .  
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A v a i l a b i l i t y  : 
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473. Benney, David J. ; and Orszag, Steven A. : S t a b i l i t y  Analysis  f o r  Laminar 
Flow Control  - P a r t  I .  NASA CR-2910, 1977. 

This r e p o r t  develops t he  b a s i c  equa t ions  f o r  t he  s t a b i l i t y  a n a l y s i s  o f  
flow over  three-dimensional swept wings and then surveys numerical methods f o r  
t h e i r  s o l u t i o n .  The equa t ions  f o r  nonl inear  s t a b i l i t y  a n a l y s i s  o f  th ree-  
dimensional d i s tu rbances  i n  compressible ,  three-dimensional ,  non-para l le l  f lows 
a r e  given.  E f f i c i e n t  and accu ra t e  numerical methods f o r  t h e  s o l u t i o n s  of  t h e  
equa t ions  o f  s t a b i l i t y  theory  a r e  surveyed and analyzed. 

Author 
A v a i l a b i l i t y :  

N78-12363 

474. KO, D. R. S . ;  Merkle, C. L.;  and Kubota, T . :  The E f f e c t  o f  Axisymrnetric 
Geometry on Boundary-Layer T rans i t i on  a s  P red i c t ed  by Linear  S t a b i l i t y  
Theory. AFOSR-TR-75-0192, U. S. A i r  Force,  Sept .  1974. (Avai lable  from 
DDC a s  AD A004 787.) 

Computations o f  t h e  l i n e a r  s t a b i l i t y  o f  laminar boundary l a y e r s  have been 
used t o  ob t a in  p r e d i c t i o n s  o f  the  r a t i o  of  t h e  t r a n s i t i o n  Reynolds number on a  



cone t o  t h a t  on a  f l a t  p l a t e .  The r e s u l t s  show t h a t  t h i s  r a t i o  i s  n o t  given by 
a  simple cons t an t ,  b u t  depends upon var ious  parameters .  I n  p a r t i c u l a r ,  t h e  p re -  
d i c t i o n s  i n d i c a t e  t h a t  t r a n s i t i o n  w i l l  n o t  occur  a t  t he  same value of  Reynolds 
number ( d e f l e c t e d  flow) on both t he  cone and t h e  p l a t e .  S imi l a r ly ,  t h e  r e s u l t s  
show t h a t  t h e  r a t i o  of t r a n s i t i o n  Reynolds numbers i s  n o t  equa l  t o  t h e  r a t i o  of  
t he  c r i t i c a l  Reynolds numbers f o r  t h e  two bodies .  I f  e i t h e r  of  t he se  supposi-  
t i o n s  were t r u e ,  t h e  t r a n s i t i o n  Reynolds number r a t i o  would be t h r ee ;  s t a b i l i t y  
r e s u l t s  i n d i c a t e  t h a t  t h i s  r a t i o  can be less than un i ty .  Among o t h e r  t h ings ,  
t he  r a t i o  depends upon t h e  d i s turbance  l e v e l  i n  t h e  free-s t ream. High f r e e -  
s t ream d i s t u r b a n c e s  push the  r a t i o  nea r  t h r e e ,  whi le  s u f f i c i e n t l y  smal l  d i s -  
turbances a l low t r a n s i t i o n  t o  occur e a r l i e r  on t h e  cone than on t h e  p l a t e .  This  
i s  a  consequence of t h e  f a c t  t h a t  on a  p l a t e  t h e  t r a n s i t i o n  l o c a t i o n  i s  more 
s e n s i t i v e  t o  f ree-s t ream d i s tu rbances  than i t  i s  on a  cone. 

A v a i l a b i l i t y  : 
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475. King, W i l l i a m  S . :  The E f f e c t s  of  Wall Temperature and Suc t ion  on Laminar 
Boundary-Layer S t a b i l i t y .  R-1863-ARPA (Cont rac t  No. DAHC15-73-C-0185), 
Rand Corp. ,  Apr. 1976. (Avai lab le  from DDC a s  AD A025 337.) 

An i n t e g r a l  s o l u t i o n  o f  t he  two-dimensional boundary-layer equa t ions  f o r  
water wi th  p re s su re  g r a d i e n t ,  h e a t  t r a n s f e r ,  and suc t ion  was employed t o  i n v e s t i -  
ga t e  laminar  boundary-layer s t a b i l i t y .  I t  was shown t h a t  t h e  e f f e c t s  o f  s u c t i o n ,  
wal l  hea t ing ,  and p re s su re  g rad i en t  on c r i t i c a l  Reynolds numbers could be co r r e -  
l a t e d  a s  a  func t ion  of  un ive r sa l  boundary-layer parameters .  I t  was i n d i c a t e d  
t h a t  s u c t i o n  i s  t h e  most e f f e c t i v e  and p re s su re  g rad i en t  t he  l e a s t  e f f e c t i v e  
means t o  s t a b i l i z e  a  boundary l a y e r .  However, t h e  e f f e c t i v e n e s s  of  s u c t i o n  i s  
enhanced by a  favorab le  p re s su re  g r a d i e n t .  

A v a i l a b i l i t y  : 
N77 -11355 
AD A025 337 

476. Yao, Lun-Shin; and Cat ton,  Ivan: The Buoyancy and Variable  Viscos i ty  
E f f e c t s  on a  Water Laminar Boundary Layer Along a  Heated Longi tudinal  
Hor izonta l  Cyl inder .  R-1966-ARPA, Rand Corp. , Feb. 1977. (Avai lab le  
from DDC a s  AD A036 377.) 

Small c ro s s  flow is induced i n  an otherwise a x i a l l y  symmetric laminar  
boundary l a y e r  when a  uniform h o r i z o n t a l  s t ream flows along the  i n n e r  o r  o u t e r  
su r f ace  of  a  hea t ed  ho r i zon ta l  cy l inde r .  The magnitude of t h i s  c ros s  flow 
depends on t h e  r a t i o  of  t h e  Grashof number t o  t h e  square of  t h e  Reynolds num- 
b e r ,  based on t h e  r ad ius  of t h e  c y l i n d e r ,  and i n  i t s  e a r l y  s t a g e s  grows l i n e a r l y  
i n  t he  downstream d i r e c t i o n .  The r e p o r t  shows t h a t  t he  va r i ab l e -v i scos i t y  
e f f e c t  can inc rease  t h e  ve loc i ty  g r a d i e n t  and, hence, s t a b i l i z e  t he  laminar  
boundary l a y e r ;  t he  cross-flow e f f e c t  w i l l  decrease  t h e  v e l o c i t y  g r a d i e n t  and 
d e s t a b i l i z e  t he  laminar  boundary l a y e r  over  t h e  upper h a l f  o f  t h e  c y l i n d e r  ( o r  



t he  p ipe  f l ow) .  Also,  t h e  boundary beyond which t h e  cross-flow e f f e c t  can 
overwhelm t h e  va r i ab l e -v i scos i t y  e f f e c t  has  been determined. 
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477. Gaponov, S. A. ;  and Maslov, A. A . :  Numerical and Asymptotic Solu t ion  o f  
t he  Problem Concerning the  Complete S t a b i l i z a t i o n  o f  a  Boundary Layer. 
J. Appl. Mech. & Tech. Phys.,  vo l .  13,  no. 3, May-June 1972, pp. 313-316. 

The numerical method given i n  [ I ]  i s  used he re  f o r  c a l c u l a t i n g  t h e  tempera- 
t u r e s  o f  complete s t a b i l i z a t i o n  f o r  a  supersonic  boundary l a y e r  a t  a  f l a t  p l a t e  
with t h e  boundary condi t ion  8(0) = 0, where 8 denotes  t h e  amplitude of  tempera- 
t u r e  p e r t u r b a t i o n s .  According t o  t h e  r e s u l t s ,  t h e  conclusion i n  [ 2 ]  t h a t  t h e r e  
e x i s t  two reg ions  o f  complete s t a b i l i z a t i o n  i s  wrong. The asymptot ic  method 
used i n  [ 2 ]  i s  analyzed here .  I t  i s  shown t h a t  two reg ions  of complete s t a b i l i -  
z a t i o n  appear t o  e x i s t ,  because t h e  equa t ions  used i n  [ 2 ]  had been se t  up f o r  
t he  v i scous  case  and, t h e r e f o r e ,  a r e  n o t  app l i cab l e  a t  low su r f ace  temperatures .  
The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  con£ irmed by d i r e c t  numerical i n t e g r a t i o n .  
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478. Gaponov, S.  A. ; and Maslov, A.  A. : Numerical So lu t ion  t o  t he  Problem o f  
t he  Complete S t a b i l i z a t i o n  of  a  Supersonic Boundary Layer. J .  Appl. 
Mech. & Tech. Phys.,  vo l .  13,  no. 2 ,  Mar.-Apr. 1972, pp. 164-167. 

A procedure i s  proposed f o r  numerical ly  so lv ing  t h e  problem o f  complete 
s t a b i l i z a t i o n  of  a  supersonic  boundary l a y e r ,  without  any c o n s t r a i n t s  on t h e  
product  of  t h e  d i s tu rbance  wave number and t h e  Reynolds number. I t  i s  shown 
t h a t  t he  n e u t r a l  s t a b i l i t y  curve of  a  supersonic  boundary l a y e r  s p l i t s  i n t o  two 
curves when the  flow su r f ace  i s  exposed t o  i n t e n s e  cool ing .  The complete s t a -  
b i l i z a t i o n  temperatures  a r e  c a l c u l a t e d  f o r  both curves.  A comparison o f  t h e s e  
r e s u l t s  wi th  t h e  r e s u l t s  o f  asymptotic c a l c u l a t i o n s  shows t h a t  t he  asymptot ic  
method develops an e r r o r  when t h e  Mach number exceeds 2. 

A v a i l a b i l i t y :  
A72-33155 (Or ig ina l  Russian) 

479. Gaponov, S. A. : S t a b i l i t y  o f  a  Supersonic Boundary Layer on a  Porous 
Surface With Heat Transfer .  Izv .  Akad. Nauk. SSSR, Mekh. Zhidk. Gaza, 
Jan.  -Feb. 1977, pp. 41-46. 

The e f f e c t  o f  t he  cool ing  o f  a  porous su r f ace  on t h e  s t a b i l i t y  o f  a  super -  
s o n i c  boundary l a y e r  on the  su r f ace  i s  i n v e s t i g a t e d .  I t  i s  shown t h a t  i n  con- 
t r a s t  t o  the  case of  a  nonporous s u r f a c e ,  i n t e n s e  cool ing  can lower t h e  c r i t i c a l .  

I- 



Reynolds number. Common p o i n t s  of continuous and d i s c r e t e  s p e c t r a  a r e  found 
i n  the  p e r t u r b a t i o n  reg ion .  

A v a i l a b i l i t y :  
A77-27081 (Or ig ina l  Russian) 

480. Save1 lev, I u .  P. : Inf luence  o f  External-Flow Turbulence on Laminar- 
Turbulent  T rans i t i on  f o r  Some C la s se s  of Se l f - s imi l a r  Flows. Inzh. 
F i z .  Zh., vo l .  30, Mar. 1976, pp.  519-527. 

The method proposed f o r  c a l c u l a t i n g  t h e  s t a b i l i t y  o f  flows o f  t h e  Falkner- 
Skan type i s  based on the  assumption t h a t  l aminar - turbulen t  t r a n s i t i o n  occurs  
a t  a  Reynolds number where t he  laminar  and t u r b u l e n t  o s c i l l a t i o n  ene rg i e s  a r e  
a l i k e .  So lu t ions  a r e  ob ta ined  wi th  and without  allowance f o r  t h e  i n f luence  o f  
t h e  pe r tu rbed  motion on t h e  main flow. Values of  t h e  t r a n s i t i o n  Reynolds num- 
b e r  a r e  c a l c u l a t e d  a s  a  func t ion  of t he  ex te rna l - f low turbulence  i n t e n s i t y .  
I t  i s  shown t h a t  f o r  very low p u l s a t i o n  l e v e l s  a t  t h e  e x t e r n a l  s i d e  o f  t h e  
laminar  boundary l a y e r ,  t he  energy of  t h e  n e u t r a l  o s c i l l a t i o n s  w i th in  t h e  l a y e r  
can a t t a i n  va lues  high enough t o  cause t u r b u l e n t  t r a n s i t i o n .  

A v a i l a b i l i t y :  
A76-34705 

481. Lekoudis, S. G. :  S t a b i l i t y  o f  Boundary Layers Over Permeable Sur faces .  
AIAA Paper 78-203, Jan. 1978. 

The s t a b i l i t y  of  a  two-dimensional, incompressible  boundary l a y e r  over  a  
p e r f o r a t e d  su r f ace  i s  examined. The spac ing  of t he  p e r f o r a t i o n s  i s  assumed t o  
be smal l  compared t o  t h e  wavelength o f  t h e  d i s turbances .  I f ,  under t h e  pe r fo ra -  
t i o n s ,  t h e r e  e x i s t s  a  chamber t h a t  pe rmi t s  t r a v e l i n g  waves t o  e x i s t ,  i t  can, 
under c e r t a i n  cond i t i ons ,  s t a b i l i z e  t h e  flow. I f  i n s t e a d  t h e r e  e x i s t  small  
chambers t h a t  s u s t a i n  compressible waves c r ea t ed  by t h e  d i s turbance  i n  t h e  
boundary l a y e r ,  t h e i r  e f f e c t  on t he  s t a b i l i t y  of  t h e  flow is  n e g l i g i b l e ,  f o r  
t he  range o f  f requenc ies  of  i n t e r e s t .  
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A v a i l a b i l i t y :  
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482. Chen, T. S. ; and Huang, L. M.  : Hydrodynamic S t a b i l i t y  o f  Boundary Layers 
With Surface Suct ion.  AIAA J. ,  v o l .  10, no. 10,  Oct.  1972, 
pp. 1366-1367. 

This  Note i s  intended a s  a  supplement t o  t he  work of  Chen e t  a l .  and t r e a t s  
t h e  s t a b i l i t y  of  a  f l a t  p l a t e  boundary-layer flow with s i m i l a r i t y  suc t ion .  The 
main o b j e c t  of t h e  s tudy is  t o  f i n d  t he  e f f e c t  of the  main flow t r ansve r se  
v e l o c i t y  on the  s t a b i l i t y  c h a r a c t e r i s t i c s  of  t h e  flow. 
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A v a i l a b i l i t y :  
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483. G laue r t ,  M.  B . :  The Design of  Suct ion Aero fo i l s  With a  Very Large 
CL-Range. R.  & M, No. 2111, B r i t i s h  A . R . C . ,  1945. 

This  paper  cons iders  four  a e r o f o i l s  (GLAS I ,  GLAS 11, GLAS 111, and 
GUS IV) , designed on the  b a s i s  of  t h e i r  v e l o c i t y  d i s t r i b u t i o n s  i n  two- 
dimensional incompressible  p o t e n t i a l  flow. The des ign  method used was t h a t  o f  
L i g h t h i l l ' s  e x a c t  theory .  

The p r i n c i p a l  f e a t u r e  i n  t h e  design is  the  replacement of  t he  reg ion  o f  
f a l l i n g  v e l o c i t y  over  t h e  r e a r  p a r t  o f  t h e  a e r o f o i l  by a  s i n g l e  d i s c o n t i n u i t y  i n  
v e l o c i t y ,  a t  which p o i n t  boundary-layer suc t ion  i s  app l i ed .  Thus adverse p r e s -  
sure  g r a d i e n t s  a r e  completely e l imina t ed  throughout a  wide range of  inc idence .  
The boundary l a y e r  remains t h i n  and laminar  flow may be achieved,  even on aero-  
f o i l s  of  very g r e a t  th ickness .  A t  t h e  d i s c o n t i n u i t y  t h e  mathematical shape is a 
loga r i t hmic  s p i r a l ,  b u t  t h i s  must be modified i n  p r a c t i c e  t o  inc lude  t h e  s u c t i o n  
s l o t .  I n  one a e r o f o i l  t h e  s p i r a l  i s  avoided by having a  s t e e p  f a l l  o f  v e l o c i t y  
over a  s h o r t  d i s t a n c e  of  t he  su r f ace  i n s t e a d  of a  complete d i s c o n t i n u i t y ,  b u t  
t h i s  may d e t r a c t  from the  performance. 

The paper  d i s cus se s  t he  r e l a t i v e  mer i t s  of  t he  a e r o f o i l s  and cons iders  
p o s s i b l e  improvements. Zero p i t c h i n g  moment i s  very d e s i r a b l e  and can r e a d i l y  
be achieved.  A p rocess  has  been devised  by which a  leading-edge r a d i u s  o f  cur -  
va ture  may be incorpora ted ,  and it i s  app l i ed  i n  t he  design of GLAS I V .  Tables 
give o r d i n a t e s  and c h a r a c t e r i s t i c s  of  GLAS I1 and GLAS I V .  The shapes and 
v e l o c i t y  d i s t r i b u t i o n s  a r e  given f o r  a l l  f o u r  a e r o f o i l s .  
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484. Gregory, N . :  Note on S i r  Geoffrey Tay lo r ' s  C r i t e r i o n  f o r  t h e  Rate o f  
Boundary-Layer Suct ion a t  a  Veloc i ty  Discont inu i ty .  R. & M. No. 2496,  
B r i t i s h  A . R . C . ,  1952. 

S i r  Geoffrey Tay lo r ' s  c r i t e r i o n  f o r  t h e  r a t e  of  boundary-layer s u c t i o n  a t  a 
v e l o c i t y  d i s c o n t i n u i t y  i s  descr ibed ,  and i s  compared wi th  experimental  r e s u l t s  
ob ta ined  from boundary-layer exp lo ra t i ons .  I t  i s  found t h a t ,  d e s p i t e  n e g l e c t  o f  
the p r e s s u r e  g r a d i e n t  due t o  t h e  curva ture  of t h e  flow, t he  c r i t e r i o n  g ives  
reasonable  e s t i m a t e s  of  t h e  suc t ion  q u a n t i t y .  On t h e  o t h e r  hand, c lo se  agree-  
ment wi th  v e l o c i t y  p r o f i l e s  i s  only ob ta ined  when the  p re s su re  g r a d i e  i s  taken 

- 
i n t o  account.  

-- 
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A v a i l a b i l i t y :  

N78-785 11 
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485. Pres ton ,  J. H . ;  Gregory, N.; and Rawcliffe ,  A. G.: The Theore t i ca l  Estima- 
t i o n  o f  Power Requirements f o r  Slot-Suct ion Aerofo i l s  , W i t h  Numerical 
Resu l t s  f o r  Two Thick G r i f f i t h  Type Sec t ions .  R. & M. No. 2577, B r i t i s h  
A.R.C., 1953. 



This r e p o r t  de sc r ibes  a  method f o r  a s se s s ing  the  performance of s l o t - s u c t i o n  
a e r o f o i l s  i n  terms of an e f f e c t i v e  drag c o e f f i c i e n t ,  which t akes  i n t o  account t h e  
power requirements of t h e  suc t ion  pump neg lec t ing  s l o t  e n t r y  and duc t  l o s s e s .  
When the  s u c t i o n - s l o t  i s  loca t ed  a t  a  v e l o c i t y  d i s c o n t i n u i t y  t h e  suc t ion  flow 
r equ i r ed  t o  prevent  s epa ra t i on  can be ca l cu l a t ed ,  us ing  t h e  elementary theory 
suggested by S i r  Geoffrey Taylor .  

The method i s  app l i ed  t o  two G r i f f i t h  type  a e r o f o i l s  (30 p e r  c e n t  and 31.5 
p e r  c e n t  t h i c k )  and the  drags  a r e  compared with those o f  normal t h i n  a e r o f o i l s  
20 p e r  c e n t  t h i c k .  When t r a n s i t i o n  i s  forward the  drags  a r e  nea r ly  equa l ;  b u t  
when t r a n s i t i o n  is  a t  t h e  s l o t  t h e  drags  o f  t he  suc t ion  a e r o f o i l s  a r e  very much 
less than t h a t  o f  a  normal t h i n  a e r o f o i l  wi th  t r a n s i t i o n  a t  i t s  most rearward 
f e a s i b l e  p o s i t i o n .  

The ga ins  a f forded  by t h e  use of  suc t ion  near  t h e  t r a i l i n g  edge of  an aero-  
f o i l  a r i s e  p a r t l y  from reduc t ion  of  form drag ,  and p a r t l y  from an economy i n  
power when t h e  l o s s  o f  head i n  t h e  boundary l a y e r  i s  r e s t o r e d  by means of a  pump 
i n s t e a d  of  appearing a s  a  l o s s  of momentum i n  t h e  wake t o  be overcome by a  
t h r u s t .  Fu r the r  ga ins  w i l l  r e s u l t  i f  t h e  pump e f f i c i e n c y  i s  g r e a t e r  than t h e  
p ropu l s ive  e f f i c i e n c y  . 
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486. Gregory, N .  ; and C u r t i s ,  A. R. : A Comparison o f  Three Thick, Symmetrical, 
Mult i -Slot  Suct ion Aerofo i l s .  C.P. No. 20, B r i t i s h  A . R . C . ,  1950. 

This note  i n v e s t i g a t e s  t h e  p o s s i b l e  ga ins  i n  performance which might be  
achieved by inc lud ing  a d d i t i o n a l  s l o t s ,  with and wi thout  a s s o c i a t e d  smal l  veloc-  
i t y  d i s c o n t i n u i t i e s ,  i n  t h e  forward p a r t  of  s e c t i o n s  resembling the  Grif  f i t h  30% 
suc t ion  a e r o f o i l .  By sucking away the  boundary l a y e r  nea r  t h e  nose o f  t h e  aero- 
f o i l ,  wedges of  t u rbu len t  flow due t o  roughness and imperfec t ion  of  t he  su r f ace  
would be absorbed, and laminar flow would t h e r e f o r e  be ob ta ined  over  t h e  r e s t  of 
t he  a e r o f o i l  where favourable  cond i t i ons  e x i s t e d .  In  a d d i t i o n ,  by des ign ing  f o r  
v e l o c i t y  d i s c o n t i n u i t i e s  a t  t h e  s l o t s ,  t h e  aerodynamic c h a r a c t e r i s t i c s  of  t h e  
a e r o f o i l  might be f u r t h e r  improved: f o r  a  given maximum va lue  o f  t h e  v e l o c i t y  
over  t h e  a e r o f o i l  ( U / U o ) ,  much g r e a t e r  favourable  v e l o c i t y  g rad i en t s  might be 
ob ta ined;  f o r  a  given maximum th i cknes s ,  it would be p o s s i b l e  t o  achieve a  
l a r g e r  low-drag CL range. 

Two symmetrical t h i c k  suc t ion  a e r o f o i l s  with a d d i t i o n a l  small  v e l o c i t y  d i s -  
c o n t i n u i t i e s  over t he  forward p a r t  of t he  a e r o f o i l  a r e  compared with t h e  30% 
Grif  f i t h  a e r o f o i l .  For a  given t r a n s i t i o n  p o s i t i o n ,  t he  suc t ion  q u a n t i t i e s  and 
i d e a l  e f f e c t i v e  drag c o e f f i c i e n t s  a r e  h igher  than f o r  t he  30% G r i f f i t h  a e r o f o i l ,  
b u t  more favourable  v e l o c i t y  g rad i en t s  and an increased  CL range a r e  obtained.  

The d rag  and suc t ion  q u a n t i t i e s  a r e  equa l  t o  those ob ta ined  when t h e  addi-  
t i o n a l  suc t ion  s l o t s  a r e  i n s e r t e d  ( i n  t he  G r i f f i t h  a e r o f o i l )  without  t h e  asso-  
c i a t e d  smal l  v e l o c i t y  d i s c o n t i n u i t i e s .  



I n  a l l  c a ses ,  reduct ions i n  drag  a r e  achieved with e x t r a  s l o t s  i f  e x t e n t s  
of otherwise t u r b u l e n t  flow a r e  rep laced  by laminar flow. 
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487. Williams, J.: Some Improvements i n  t he  Design of  Thick Suct ion Aerofo i l s .  
C.P. No. 31, B r i t i s h  A . R . C . ,  1950. 

I n  wind-tunnel t e s t s  on GLAS I1 and GLAS I11 shapes designed by e x a c t  
theory ,  t he  suc t ion  q u a n t i t i e s  r equ i r ed  t o  prevent  s epa ra t ion  were considerably 
l a r g e r  than es t imated  t h e o r e t i c a l  va lues  and with the  GLAS I1 a e r o f o i l ,  uns tab le  
condi t ions  were found i n  which sepa ra t ion  occurred i n t e r m i t t e n t l y .  On t h e  o t h e r  
hand, the  30% symmetrical Grif  f i t h  a e r o f o i l  designed by approximate theory and 
the  Aus t r a l i an  experimental modi f ica t ion  of  the  GLAS I1 shape both worked 
reasonably we l l .  

I n  t h i s  paper  an at tempt  has  been made t o  design more s a t i s f a c t o r y  t h i c k  
suc t ion  a e r o f o i l s  than have h i t h e r t o  been obta ined  wi th  t h e  e x a c t  method. 
Methods have been developed f o r  r ep re sen t ing  more c l o s e l y  the  phys i ca l  condi- 
t i o n s  corresponding t o  an abrupt  v e l o c i t y  f a l l  with suc t ion  a t  a  s l o t ,  and l e s s  
severe  types o f  v e l o c i t y  f a l l  have a l s o  been considered. Experiments a r e  needed 
t o  dec ide  which i s  the  b e s t  method of  improvement and t o  c l a r i f y  t he  d i f f i c u l -  
t i e s  encountered with the  o r i g i n a l  e x a c t  theory shapes. 

A v a i l a b i l i t y :  
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488. Dowlen, E. M . :  A Comparison of  the  Calculated P r o f i l e  Drag Coef f i c i en t s  o f  
Various Low Drag Wing Sec t ions .  Rep. No. 35, Col l .  of Aeronaut., 
Cranf ie ld  (England) , Apr. 1950. 

The p r o f i l e  d rag -coe f f i c i en t s  of a  number of  low-drag wings w i t h  s t r a i g h t  
t r a i l i n g  edges have been ca l cu la t ed .  

A comparison i s  made with o t h e r  low-drag and conventional s e c t i o n s  which 
i n d i c a t e s  an inc rease  i n  p r o f i l e  drag ,  f o r  a  given t r a n s i t i o n  p o i n t  p o s i t i o n ,  
with rearward movement of the  p o s i t i o n  of  maximum ve loc i ty  and with inc rease  of 
t r a i l i n g  edge angle.  Some experimental  r e s u l t s  obtained a t  low Reynolds number 
a r e  included f o r  comparison. 

A shortened method of c a l c u l a t i n g  t h e  p r o f i l e  drag  c o e f f i c i e n t  of an aero- 
f o i l  i s  developed. 
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489. Wortmann, F. X . :  A Contr ibut ion t o  the Design of Laminar P r o f i l e s  f o r  
Gl iders  and Hel icopters .  TIL/T.4903, B r i t i s h  Minist .  Aviat.  , Feb. 1960. 

The problem of  choosfrig a p re s su re  d i s t r i b u t i o n  s u i t a b l e  f o r  the  design o f  
a e r o f o i l  s e c t i o n s  g iv ing  a s  l i t t l e  drag a s  poss ib l e  i s  inves t iga t ed .  Theore t i -  
c a l  c a l c u l a t i o n s  o f  drag i n d i c a t e  t h a t ,  i n  comparison with the f a m i l i a r  laminar  
flow s e c t i o n s ,  cons iderable  drag  l o s s e s  can be avoided, f i r s t l y ,  by a p re s su re  
d i s t r i b u t i o n  which makes the  tu rbu len t  flow j u s t  no t  s e p a r a t e ,  and secondly, by 
a v a r i a t i o n  of the  l i f t  d i s t r i b u t i o n .  These conclusions a r e  supported by p r e -  
l iminary experimental  evidence. 
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490. Eppler ,  R. : Laminar P r o f i l e s  f o r  Gl iders .  TIL/T. 4904, B r i t i s h  Minist .  
Aviat .  , Feb. 1960. 

A novel i d e a  f o r  t h e  computation of laminar a e r o f o i l  s ec t ions  is presented ,  
p r imar i ly  with emphasis on Reynolds number range of g l i d e r s .  Two s e r i e s  of  pro-  
f i l e s  a r e  given which may be considered a s  a modi f ica t ion  of  t he  well  known 
NACA-6 s e r i e s .  
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6 491. Eppler ,  R.:  Laminarprofi le  f c r  Reynolds-Zahlen g ros se r  a l s  4.10 . 
Ing. -Arch., Bd. 38, 1969, pp. 232-240. 

Inves t iga t ion  of p o s s i b l e  improvements of convent ional  laminar a i r f o i l s  f o r  
Reynolds numbers g r e a t e r  than 4,000,000. Known t h e o r i e s  regarding p o t e n t i a l  and 
boundary l a y e r  flows a r e  u t i l i z e d  i n  the  s tudy ,  and an improved c r i t e r i o n  f o r  
the  boundary l a y e r  t r a n s i t i o n  i s  considered. I t  i s  found t h a t  with i n c r e a s i n g  
d i s t ance  from t h e  wing nose a smal le r  pressure  g rad ien t  has  t o  be introduced t o  
achieve optimal drag c o e f f i c i e n t s .  The behavior  a t  h igh  l i f t  c o e f f i c i e n t s  can 
be improved by renouncing l a r g e  laminar buckets .  

A v a i l a b i l i t y :  
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492. Design Procedure f o r  Low-Drag Subsonic A i r f o i l s .  NASA Tech Br ie f  
B75-10256, 1975. 

A procedure has been developed f o r  designing an a i r f o i l  f o r  use a t  subsonic 
speeds. The a i r f o i l  has  the  l e a s t  amount of drag under the  given r e s t r i c t i o n s  
o f :  



Boundary - layer  t r a n s i t i o n  p o s i t i o n  
L i f t  c o e f f i c i e n t  
Thickness r a t i o  
Reynolds number based on t h e  a i r f o i l  chord. 

Low-drag subsonic  a i r f o i l s  a r e  n o t  only s u i t a b l e  f o r  use a s  wing and p r o p e l l e r  
a i r c r a f t  s e c t i o n s  ope ra t i ng  a t  subsonic  speeds b u t  a l s o  f o r  hyd ro fo i l  s e c t i o n s  
f o r  boa t s  and b lades  f o r  f a n s ,  compressors,  t u r b i n e s ,  and windmil ls .  
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493. Carmichael, Bruce H . ;  and Niehuss,  Oswin: Computer Study To E s t a b l i s h  t h e  
Lower Limit  o f  Length-to-Diarr'eter Rat io  Advisable f o r  Low-Drag Bodies. 
SID 64-1938, North American Aviat ion,  Inc . ,  Oct. 1964. (Avai lab le  from 
DDC a s  AD 664 610.) 

A computer s tudy has  been conducted t o  e s t a b l i s h  t h e o r e t i c a l l y  t h e  lowest  
advisab le  r a t i o  of  l eng th  t o  diameter  f o r  a 30-inch-diameter body moving a t  
45 kno t s ,  submerged i n  t h e  ocean,  a t  zero angle  o f  a t t a c k .  

I f  t he  boundary l a y e r  i s  t u r b u l e n t  over  t h e  e n t i r e  body, it appears  inad-  
v i s a b l e  t o  decrease t he  %/d much below t h e  DOLPHIN I va lue  o f  3.33. I f  laminar 
flow extends t o  t he  minimum p re s su re  p o i n t  a t  58 pe rcen t  o f  t he  length ,  an R/d 
of 2.62, a s  suggested i n  Reference 1, may be permi t ted  ( s e e  Figure 1) . There 
i s  a good t h e o r e t i c a l  b a s i s  f o r  expec t ing  laminar flow t o  extend t o  t h e  minimum 
p re s su re  p o i n t  wi th  R/d = 2.62. 

The drag  of  a f i n - s t a b i l i z e d ,  30-inch-diameter body of  R/d = 2.62 a t  
45 kno t s  could be a s  low a s  375 pounds compared t o  550 pounds f o r  a body wi th  
R/d = 3.33, a s  shown i n  Figure 2 .  (See t h e  conclusion i n  t h i s  r e p o r t  f o r  com- 
pa r i son  with p r e s e n t  p r a c t i c e . )  

Author 
A v a i l a b i l i t y  : 
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494. Zolotov, S. S .  ; and Khodorkovsky, Ya. S .  : Optimum Suct ion D i s t r i b u t i o n  To 
Obtain a Laminar Boundary Layer. I n t .  J. Heat & Mass Transfer ,  vo l .  6 ,  
Oct. 1963, pp. 897-901. 

Development of an approximate method f o r  c a l c u l a t i n g  t h e  laminar  boundary 
l a y e r s  f o r  boundary l a y e r  c o n t r o l  using optimum suc t ion .  A f i r s t  approximation 
f o r  a p l a t e  wi th  optimum suc t ion  d i s t r i b u t i o n  i s  used which enables  the p l o t t i n g  
of graphs which g r e a t l y  s imp l i fy  t he  c a l c u l a t i o n  of l o c a l  s k i n  f r i c t i o n  and 
c r i t i c a l  Reynolds number along t h e  length  o f  such a body. Derived a r e  formulas 
f o r  t he  c a l c u l a t i o n  of t he  optimum r a t e  of suc t ion  and f o r  t h e  r a t e  of damping/ 
momentum th i cknes s .  

A v a i l a b i l i t y :  
A63-25398 



495. Kozlov, L, F. :  Optimal Suct ion of t h e  Boundary Layer Taking Account of 
I n i t i a l  Turbulence and Surface Roughness. J. F lu id  Mech., vo l .  31, 
p t .  1, Jan. 8 ,  1968, pp. 53-64. 

Derivat ion of  s imple formulas f o r  p r o p e r t i e s  of a  laminar  boundary l a y e r  
wi th  suc t ion .  An equa t ion  r e l a t i n g  t h e  t r a n s i t i o n  p o i n t  c r i t i c a l  Reynolds num- 
be r  t o  i n i t i a l  tu rbulence  and su r f ace  roughness i s  given. An approximate method 
is  developed f o r  t h e  p r e d i c t i o n  of  op t imal  s u c t i o n  of  a  boundary l a y e r ,  inc lud-  
i n g  t h e  main e f f e c t s  c o n t r o l l i n g  t r a n s i t i o n  of a  laminar  boundary l a y e r  i n t o  a 
t u r b u l e n t  one. 

A v a i l a b i l i t y  : 
A68-17949 

496. Anderson, G. F. ;  and Su te ra ,  S. P.:  Drag Reduction on Bodies of  Revolution 
by U s e  o f  Area Suc t ion .  A I A A  J . ,  vo l .  3 ,  no. 10, Oct. 1965, 
pp. 1970-1972. (Also a v a i l a b l e  a s  AIAA Paper No. 65-561.) 

Resul t s  o f  d r ag  measurements on a  s l ende r  body of  r evo lu t ion  (L/D = 12) 
which has  a  porous c y l i n d r i c a l  body and b l u n t  nose and t a i l  s e c t i o n s .  Retarded 
f l u i d  was removed through t h e  porous wa l l s  and e j e c t e d  a x i a l l y  a t  t h e  t a i l  sec- 
t i o n  by a  var iable-speed fan  l o c a t e d  i n t e r n a l l y .  A s i n g l e  ad jus t ab l e  s l o t  i n  
t he  t a i l  was used t o  de lay  s epa ra t i on  o f  t h e  laminar  boundary l aye r .  Except f o r  
a  wedge-shaped t u r b u l e n t  wake which was genera ted  by a  suppor t ing  s t r u t  and 
which b lanke ted  about  25% of  t he  body su r f ace ,  f u l l - l e n g t h  l amina r i za t i on  w a s  
achieved. S i g n i f i c a n t  d r ag  reduc t ions  were measured. I t  appears  t h a t  t h e o r e t i -  
c a l  ( f l a t  p l a t e )  p r e d i c t i o n s  o f  p o t e n t i a l  d rag  r educ t ion  a r e  on ly  s l i g h t l y  o p t i -  
mistic. Measurements of  suc t ion  q u a n t i t y  r equ i r ed  f o r  f u l l - l e n g t h  laminar iza-  
t i o n  i n d i c a t e  t h a t  optimum suc t ion  d i s t r i b u t i o n  must be  approximated i f  l a r g e  
suc t ion  q u a n t i t i e s  a r e  t o  be  avoided. Poss ib l e  methods f o r  reducing t h e  con- 
t r o l l e d  boundary l a y e r  ' s  s e n s i t i v i t y  t o  s u r f  ace roughness a r e  considered.  I n  
every case t he se  have t h e  purpose of th ickening  the  boundary l a y e r  be fo re  sub- 
j e c t i n g  i t  t o  s u c t i o n .  
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497. Tokhunts, A. D . :  Laminarization o f  t h e  Boundary Layer on a  Wing P r o f i l e  by 
Means o f  D i s t r i bu t ed  Suct ion.  NASA TT F-12,021, 1968. 

Laminarizat ion of  t h e  boundary l a y e r  on a  wing p r o f i l e  is  i n v e s t i g a t e d  by 
means o f  d i s t r i b u t e d  suc t ion  on the  b a s i s  o f  P r a n d t l ' s  equa t ions  and t h e  gene ra l  
theory of  hydrodynamic s t a b i l i t y .  The e f f e c t s  o f  var ious  aerodynamic and geo- 
me t r i c  c h a r a c t e r i s t i c s  of  a p r o f i l e  on t h e  minimal flow r a t e  of  evacuated a i r  is 



a l s o  examined, S p e c i f i c  examples f o r  t he  c a l c u l a t i o n  o f  t he  aerodynamic and 
geometr ic  c h a r a c t e r i s t i c  and minimum flow r a t e  of  evacuated a i r  a r e  shown. 

Author 
A v a i l a b i l i t y  : 
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A68-33608 (Or ig ina l  Russian) 

498. Thiede , P e t e r ;  and Ot te  , Franz: Theoret ische Untersuchungen zur  
Laminarhaltung d e r  kompressiblen Grenzschicht  durch Schlitzabsaugung. 
Z .  Flugwiss . ,  vo l .  23, no. 1, Jari. 1975, pp. 9-24. 

On the  b a s i s  o f  former i n v e s t i g a t i o n s  of  incompressible  flows, t h i s  paper  
d e a l s  wi th  t he  problem of  keeping t h e  compressible boundary l a y e r  laminar  on 
two-dimensional and axisymmetric body shapes us ing  s l o t  suc t ion .  The new va lues  
of  t h e  boundary l a y e r  behind a  s l o t  a r e  approximately determined according t o  
Walz's amputation p r i n c i p l e  extended t o  compressible f lows,  whose r e l i a b i l i t y  i s  
backed up by boundary l a y e r  s o l u t i o n s  ob ta ined  from a  f  i n i t e - d i f f e r e n c e  method 
of h ighe r  approximation ( 'Mehrstellen-verfahren') and s o l u t i o n s  of  t h e  Navier- 
Stokes equa t ions  wi th  t h e  f a s t  Fou r i e r  t ransformat ion .  The c a l c u l a t i o n  o f  t h e  
boundary l a y e r  a t  t h e  a d i a b a t i c  wal l  i s  based on Walz's method I1 us ing  t h e  
i n t e g r a l  cond i t i ons  o f  impulse and energy. A s u c t i o n  with a  minimal number o f  
s l o t s  i s  o f  i n t e r e s t  with regard  t o  t echn ica l  a p p l i c a t i o n .  Since a  un ive r sa l  
op t imiza t ion  of s l o t  suc t ion  r e f e r r i n g  t o  a  minimum number of  s l o t s  is t o o  com- 
p l i c a t e d ,  a  pre-opt imizat ion of  t h e  r e l a t i v e  s u c t i o n  h e i g h t  i s  conducted, on 
which t h e  development o f  a  gene ra l  s t r a t e g y  o f  op t imiza t ion  i s  based. The 
r e s u l t s  of t h e  pre-opt imizat ion of  suc t ion  h e i g h t  a r e  compared wi th  t h e  s u c t i o n  
t e s t s  by Pfenninger  . 

Author 
AvailaSi l i t y  : 

A75-22033 

499. Thiede , P e t e r  : Theore t i ca l  I n v e s t i g a t i o n  of Maintaining t h e  Boundary Layer 
of  Revolution Laminar Using Suct ion S l i t s  i n  Incompressible Flow. NASA 
TM-75329, 1978. 

The t r a n s i t i o n  of  t h e  laminar  boundary l a y e r  i n t o  t h e  t u r b u l e n t  s t a t e ,  
which r e s u l t s  i n  an i nc reased  drag ,  can be avoided by sucking of  t h e  boundary 
l a y e r  p a r t i c l e s  nea r  t h e  wa l l .  The t e c h n i c a l l y - i n t e r e s t i n g  case of sucking t h e  
p a r t i c l e s  us ing  i n d i v i d u a l  s l i t s  i s  i n v e s t i g a t e d  f o r  bodies  of  r evo lu t ion  i n  
incompressible  flow. The r e s u l t s  o f  t h e  v a r i a t i o n a l  c a l c u l a t i o n s  show t h a t  
t he re  i s  an optimum s u c t i o n  h e i g h t ,  where t h e  s l o t  s e p a r a t i o n s  a r e  maximum. 
Combined wi th  favorab le  shaping o f  t h e  body, it i s  p o s s i b l e  t o  keep t h e  boundary 
l a y e r  over  bodies  o f  r evo lu t ion  laminar  a t  h igh  Reynolds numbers us ing  r e l a -  
t i v e l y  few suc t ion  s l i ts  and smal l  amounts o f  suc t ion  flow. 

~ v a i l a b i l i  t y  : 
N78-24082 
A72-19737 (Or ig ina l  German) 



500. K r G g e r ,  H . :  ~ b e r  den E in f lu s s  d e r  Absaugung auf d i e  Lage de r  Umschlagstelle 
an Tragfli . igelprofilen. 1ng.-Arch., Bd. X I X ,  Hef t  6 ,  1951, pp. 384-387, 

Laminar boundary-layer growth over  two 15% th i ck  p r o f i l e s  i s  c a l c u l a t e d  f o r  
the  case of  uniform continuous suc t ion .  A Joukowsky and a laminar p r o f i l e  a t  
zero angle o f  a t t a c k  a r e  considered.  Curves a r e  presented  f o r  t he  laminar  i n s t a -  
b i l i t y  and s e p a r a t i o n  p o i n t s  a s  func t ions  of a i r f o i l  Reynolds number and s u c t i o n  
ve loc i ty .  

Abs t rac t  cour tesy  APPLIED MECHANICS REVIEWS 

501. Serby, J. E . ;  Morgan, M. B . ;  and Cooper, E .  R.:  F l i g h t  Tes ts  on t h e  Pro- 
f i l e  Drag of  14% and 25% Thick Wings. R.  & M. No. 1826, B r i t i s h  A . R . C . ,  
1937. 

The purpose was t o  measure i n  f l i g h t ,  a t  a s  high a Reynolds number a s  
poss ib l e ,  t h e  i nc rease  i n  p r o f i l e  drag  of wing s e c t i o n s  a s  t he  thickness/chord 
r a t i o  i s  inc reased  t o  0.25. 

Using t h e  momentum method the  p r o f i l e  drags of  two smooth wing s e c t i o n s ,  
both with R.A.F.28 cen t r e  l i n e ,  one 14 p e r  cent .  t h i c k ,  the  o t h e r  25 p e r  cen t .  
t h i c k ,  have been measured over a range of Reynolds number 5 .7  x l o 6  t o  8 x 106. 
The boundary l a y e r  t r a n s i t i o n  p o i n t s  were a l s o  loca t ed .  The drag  r e s u l t s  a r e  
compared wi th  ca l cu la t ed  va lues .  

With i d e a l l y  smooth su r f aces  t r a n s i t i o n  p o i n t s  a s  f a r  back a s  0 . 3 6 ~  a r e  
p o s s i b l e  and t h e  r e s u l t a n t  drags a r e  low, v i z .  0.0065 and 0.0080 f o r  14 p e r  
cent .  and 25  p e r  cen t .  t h i ck  wings. It i s  es t imated  t h a t  i f  t h e  t r a n s i t i o n  
p o i n t s  moved forward t o  0.15, a s  i s  l i k e l y  i n  p r a c t i c e ,  these  drags would r i s e  
t o  0.0078 and 0.0108. 
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502. Stephens, A.  V. ; and Haslam, J. A.  G. : F l i g h t  Experiments on Boundary 
Layer T rans i t i on  i n  Relat ion t o  P r o f i l e  Drag. R. & M. No. 1800, B r i t i s h  
A.R.C., 1938. 

The purpose was t o  cont inue the  experiments on P r o f i l e  Drag begun i n  
R. & M. 1688 by explor ing  the  Boundary Layer i n  f l i g h t  on wings whose drag  had 
been measured and t o  examine the  condi t ions  under which Trans i t ion  occurs .  

T rans i t i on  p o i n t s  were determined, by means of small-bore p i t o t  t ubes ,  over  
a wide range of l i f t  c o e f f i c i e n t s  on two smooth wings of 10 p e r  cen t .  and 
17.5 p e r  c e n t .  maximum th ickness  r e spec t ive ly  : determinat ions were a l s o  made 
behind s p e c i f i e d  r idges  on the  wing su r f ace .  Several  techniques were developed 
and a r e  descr ibed .  

The phys i ca l  circumstances of t r a n s i t i o n  were measured and grouped i n t o  non- 
dimensional parameters i n  an at tempt  t o  exp la in  and p r e d i c t  i t s  occurrence.  



The f u l l - s c a l e  de te rmina t ion  of  t h e  t r a n s i t i o n  p o i n t  which i s  of  t h e  f i r s t  
importance i n  t h e  cons idera t ion  of t h e  p r o f i l e  d r ag  o f  a wing and i t s  p o s s i b l e  
reduc t ion ,  can be made by a simple appara tus  and technique s u i t a b l e  f o r  use by 
t h e  a i r c r a f t  i ndus t ry .  

A spanwise r i dge  on the  wing su r f ace  of  0.002 i n .  he igh t  was found s u f f i -  
c i e n t  t o  b r i n g  forward t h e  t r a n s i t i o n  p o i n t  from 0.34 chord t o  0.27 chord ,  a t  
Reynolds numbers o f  5 x 106 and more. 

A d i s tu rbance  (by means o f  a very small  r i dge )  in t roduced  i n t o  t h e  boundary 
l a y e r  from t h e  i n s i d e  caused t r a n s i t i o n  t o  move forward b u t  n o t  r i g h t  up t o  t h e  
r i d g e ,  the  o r i g i n  of  d i s tu rbance .  

The a n a l y s i s  o f  t h e  measured condi t ions  under which t r a n s i t i o n  occur red  d i d  
n o t  y i e l d  any b a s i s  f o r  p r e d i c t i o n  of  t r a n s i t i o n .  

Explora t ion  of t h e  boundary l a y e r  v e l o c i t y  p r o f i l e  gave p o i n t s  i n  very 
c l o s e  agreement wi th  t h e  t h e o r e t i c a l  curves  based on Pohlhausen ' s a n a l y s i s .  
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503. Young, A .  D . ;  and Morris,  D. E . :  Note on F l i g h t  Tes t s  on t h e  E f f e c t  o f  
S l ip s t r eam on Boundary Layer Flow. R. & M. No. 1957, B r i t i s h  A.R.C. ,  
1939. 

T rans i t i on  p o i n t  measurements have been made on an Anson and a Cour ie r  a t  
var ious  s t a t i o n s  i n s i d e  and ou t s ide  t he  s l i p s t r e a m  both  i n  l e v e l  f l i g h t  and on 
the  g l i d e  wi th  engine t h r o t t l e d  back. The main o b j e c t  of these  t e s t s  was t o  
i n v e s t i g a t e  t h e  e f f e c t  of a l a r g e  change i n  p r o p e l l e r  working cond i t i ons  on t h e  
p o s i t i o n  of  t h e  t r a n s i t i o n  p o i n t  i n  t he  s l i p s t r eam.  I n  n e i t h e r  case w a s  t h e r e  
any marked d i f f e r e n c e  between t h e  t r a n s i t i o n  p o i n t  p o s i t i o n s  i n  t h e  s l i p s t r e a m  
i n  l e v e l  f l i g h t  and i n  t he  g l i d e .  On t h e  Anson a t  160 m.p.h. it was found t h a t  
i n  t h e  s l i p s t r e a m  t h e  boundary l a y e r  remained laminar  f o r  a d i s t ance  vary ing  
from 0.06c. to  0 . 1 0 5 ~ . ,  w h i l s t  we l l  ou t s ide  t h e  s l i p s t r e a m  t r a n s i t i o n  occurred 
a t  0 . 1 7 ~ .  Immediately ou t s ide  t he  s l i p s t r e a m  t h e r e  was a region of  d i s t u r b e d  
a i r  about 0 . 0 4 ~ .  t h i c k  where t r a n s i t i o n  occur red  a t  about  0 . 1 1 ~ .  On t h e  Cour ie r  
a t  140 m.p.h. t r a n s i t i o n  occurred a t  about  0 . 0 5 ~ .  i n  t he  s l i p s t r e a m  and 0 . 2 5 ~ .  
we l l  ou t s ide  t h e  s l i p s t r eam.  These r e s u l t s  a r e  d i s cus sed  and it i s  sugges ted  
t h a t  i n  gene ra l  on smooth wings wi th  convent ional  s e c t i o n s  t r a n s i t i o n  w i l l  occur  
i n  t he  s l i p s t r e a m  wi th in  t h e  range 0 . 0 5 ~ .  - 0 . 1 0 ~ .  
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504. Young, A.  D. ; and  orris, D.  E .  : Fur the r  Note on F l i g h t  Tes t s  on t h e  
E f f e c t  of  S l ip s t r eam on Boundary Layer Flow. Rep. No. B . A .  1404b, 
B r i t i s h  R . A . E . ,  1939. 



Fur ther  t r a n s i t i o n  p o i n t  measurements have been made on an Anson and a 
Courier  a t  va r ious  s t a t i o n s  i n s i d e  and ou t s ide  t he  s l i p s t r e a m  both i n  l e v e l  
f l i g h t  and on the  g l i d e  wi th  engine t h r o t t l e d  back. The main o b j e c t  of t he se  
t e s t s  was t o  i n v e s t i g a t e  t h e  e f f e c t  of  a l a r g e  change i n  a i r s c r ew  working con- 
d i t i o n s  on the  p o s i t i o n  of t he  t r a n s i t i o n  p o i n t  i n  t h e  s l i p s t r eam.  I n  n e i t h e r  
case was t h e r e  any marked d i f f e r e n c e  between t h e  t r a n s i t i o n  p o i n t  p o s i t i o n s  i n  
the  s l i p s t r e a m  i n  l e v e l  f l i g h t  and i n  t h e  g l i d e .  On t h e  Anson a t  160 m.p.h. it 
was found t h a t  i n  t h e  s l i p s t r e a m  t h e  boundary l a y e r  remained laminar  f o r  a 
d i s t ance  varying from 0 . 0 6 ~  t o  0.105c, w h i l s t  wel l  o u t s i d e  t h e  s l i p s t r e a m  
t r a n s i t i o n  occurred a t  0 . 1 7 ~ .  Immediately ou t s ide  t h e  s l i p s t r e a m  t h e r e  was a 
region of  d i s t u r b e d  a i r  about  0 . 0 4 ~  t h i c k  where t r a n s i t i o n  occur red  a t  about  
0 . 1 1 ~ .  On the  Courier  a t  140 m.p.h. t r a n s i t i o n  occurred a t  about  0 . 0 5 ~  i n  the 
s l i p s t r e a m  and 0 . 2 5 ~  w e l l  o u t s i d e  t h e  s l i p s t r eam.  These r e s u l t s  a r e  d i scussed  
and it i s  suggested t h a t  i n  gene ra l  on smooth wings w i th  s e c t i o n s  now i n  common 
use t r a n s i t i o n  w i l l  occur i n  t h e  s l i p s t r e a m  within t h e  range 0 . 0 5 ~  - 0 . 1 0 ~ .  

Author 

505. B ickne l l ,  Joseph: Determination of  t h e  P r o f i l e  Drag o f  an Airplane Wing 
i n  F l i g h t  a t  High Reynolds Numbers. NACA Rep. 667, 1939. 

F l i g h t  t e s t s  were made t o  determine t h e  p ro f i l e -d rag  c o e f f i c i e n t s  of  a 
p o r t i o n  of t h e  o r i g i n a l  wing su r f ace  o f  an a l l -meta l  a i r p l a n e  and of  a p o r t i o n  
of t h e  wing made aerodynamically smooth and more n e a r l y  f a i r  than t h e  o r i g i n a l  
s e c t i o n .  The wing s e c t i o n  was approximately t h e  N.A.C.A. 2414.5. The t e s t s  
were c a r r i e d  o u t  over  a range o f  a i r p l a n e  speeds g iv ing  a maximum Reynolds Num- 
be r  o f  15,000,000. Tes t s  were a l s o  c a r r i e d  o u t  t o  l o c a t e  t he  p o i n t  o f  t r a n s i -  
t i o n  from laminar  t o  t u r b u l e n t  boundary l a y e r  and t o  determine t h e  v e l o c i t y  d i s -  
t r i b u t i o n  a long  t h e  upper su r f ace  o f  t h e  wing. 

The p ro f i l e -d rag  c o e f f i c i e n t s  o f  t he  o r i g i n a l  and o f  t h e  smooth wing por -  
t i o n s  a t  a Reynolds Number of  15,000,000 were 0.0102 and 0.0068, r e spec t ive ly ;  
i . e . ,  t h e  su r f ace  i r r e g u l a r i t i e s  on t h e  o r i g i n a l  wing increased  t h e  p r o f i l e -  
drag c o e f f i c i e n t  50 pe rcen t  above t h a t  o f  t h e  smooth wing. 
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506. Zalovcik,  John A . ;  Wetmore, J. W . ;  and Von Doenhoff, A lbe r t  E . :  F l i g h t  
I n v e s t i g a t i o n  o f  Boundary-Layer Control  by Suct ion S l o t s  on an 
NACA 35-215 Low-Drag A i r f o i l  a t  High Reynolds Numbers. NACA WR L-521, 
1944. (Formerly ACR 4B29.1 

Resu l t s  of  a f l i g h t  i n v e s t i g a t i o n  of  suc t ion  s l o t s  a s  a means o f  extending 
the  laminar boundary l a y e r  a r e  presen ted .  The t e s t s  were made wi th  an 
NACA 35-215 a i r f o i l  s e c t i o n  b u i l t  i n t o  a t e s t  panel  and mounted on , the wing of  a 
Douglas B-18 a i rp l ane .  The t e s t s  covered an approximate range o f  Reynolds num- 
b e r  from 2 1  x l o 6  t o  31 x 106. The i n v e s t i g a t i o n  of  boundary-layer c o n t r o l  by 
means of  s u c t i o n  s l o t s  i n  t h e  NACA two-dimensional low-turbulence t unne l  i s  
b r i e f l y  reviewed i n  the appendix, 



The r e s u l t s  of t he  i n v e s t i g a t i o n  have shown t h a t  with n ine  s l o t s  spaced 
about 5 pe rcen t  of t h e  chord the  laminar boundary l a y e r  on t h e  upper su r f ace  
could be maintained,  by withdrawing a i r  from the  boundary l a y e r ,  t o  o r  s l i g h t l y  
beyond 45 pe rcen t  of  t h e  chord, o r  j u s t  about t o  t h e  minimum-pressure p o i n t ,  
over a range of a i rp l ane  l i f t  c o e f f i c i e n t  from 0.19 t o  about 0.35 wi th  the  
corresponding range of Reynolds number from 30.8 x lo6  t o  23 x l o 6 .  

Author 

507. Zalovcik, John A.:  F l i g h t  Inves t iga t ion  o f  Boundary-Layer and Profile-Drag 
C h a r a c t e r i s t i c s  of Smooth Wing Sec t ions  of a P-47B Airplane.  NACA 
WR L-86, 1945. (Formerly ACR L5Hlla. ) 

Measurements were made a t  t h r e e  s t a t i o n s  on t h e  wing: boundary-layer mea- 
surements were made on the  upper sur face  of  t he  l e f t  wing i n  t he  s l i p s t r e a m  a t  
25 p e r c e n t  semispan; pressure  -dis  t r i b u t i o n  measurements were made on t h e  upper 
sur face  of  t h e  l e f t  wing a t  63 pe rcen t  semispan; and wake surveys were made a t  
6 3  pe rcen t  semispan of t he  r i g h t  wing. The t e s t s  were made i n  s t r a i g h t  f l i g h t  
and i n  t u r n s  over a range of condi t ions  i n  which a i rp l ane  l i f t  c o e f f i c i e n t s  
from 0.15 t o  0.68, Reynolds numbers from 7.7 x l o 6  t o  19.7 x l o 6  , and Mach num- 
bers  from 0.25 t o  0.69 were obta ined .  

The r e s u l t s  of  t h e  i n v e s t i g a t i o n  ind ica t ed  a minimum pro f i l e -d rag  c o e f f i -  
c i e n t  of 0.0062 f o r  t h e  smooth sec t ion  a t  63  pe rcen t  semispan. A t  the  h ighes t  
Mach number a t t a i n e d  i n  the  t e s t s ,  t he  c r i t i c a l  Mach number was exceeded by a t  
l e a s t  0.04 wi th  no evidence of compres s ib i l i t y  shock l o s s e s  appearing i n  t he  
form of  increased  width of t h e  wake o r  increased  p ro f i l e -d rag  c o e f f i c i e n t .  For 
f l i g h t  condi t ions  approaching the  c r i t i c a l  Mach number, v a r i a t i o n s  i n  Mach num- 
be r  of a s  much a s  0.17 appeared t o  have no e f f e c t  on the  p ro f i l e -d rag  
c o e f f i c i e n t  . 

In t he  s l i p s t r eam,  t r a n s i t i o n  occurred a t  l e a s t  a s  f a r  back a s  20 pe rcen t  
chord on t h e  upper sur face  a t  low l i f t  c o e f f i c i e n t s .  
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A v a i l a b i l i t y :  

N78-78660 

508. Zalovcik, John A. ;  and Daum, Fred L.: F l i g h t  Inves t iga t ion  a t  High Speeds 
of P r o f i l e  Drag of Wing of a P-47D Airplane Having Production Surfaces  
Covered With Camouflage Pa in t .  NACA WR L-98, 1946. (Formerly NACA 
ACR L6B2 1. ) 

A f l i g h t  i n v e s t i g a t i o n  was made a t  high speeds t o  determine t h e  p r o f i l e  
drag  of  a P-47D a i r p l a n e  wing having product ion su r f aces  covered with camouflage 
p a i n t .  The p r o f i l e  drag of a wing s e c t i o n  somewhat outboard of t he  f l a p  was 
determined by means of wake surveys i n  t e s t s  made over a range of a i r p l a n e  l i f t  
c o e f f i c i e n t s  from 0.06 t o  0.69 and a i r p l a n e  Mach numbers from 0.25 t o  0.78.  



The r e s u l t s  of the  t e s t s  ind ica ted  t h a t  a minimum prof i le -drag  c o e f f i c i e n t  
of 0.0097 was a t t a i n e d  f o r  l i f t  c o e f f i c i e n t s  from 0.16 t o  0.25 a t  Mach numbers 
l e s s  than 0.67. 
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Ava i l ab i l i ty  : 
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509. Smith, F.; and Higton, D. J.: F l i g h t  Tests on "King Cobra" FZ.440 TO 
Inves t iga te  the  P r a c t i c a l  Requirements f o r  the  Achievement of  Low P r o f i l e  
Drag Coef f i c i en t s  on a "Low Drag" Aerofoil .  R. & M. No. 2375, B r i t i s h  
A.R.C. ,  Aug. 1945. 

Describes measurements of p r o f i l e  drag made on the  wing of  the  King Cobra 
a i r c r a f t ,  which has a low-drag p r o f i l e  of N.A.C.A. design. The p r o f i l e  drag was 
high with the o r i g i n a l  surface  f i n i s h  and although it was improved when the  su r -  
face was polished the  p r o f i l e  drag was s t i l l  much too  high f o r  a low-drag 
a e r o f o i l .  

By reduction of  t h e  surface  waviness t o  f one thousandth of  an inch low 
drag c o e f f i c i e n t s  of the  order  of 0.0028 were obtained. 

The repor t  descr ibes  the  technique used t o  reduce the waviness and a l s o  
the  e f f e c t  of f l i e s ,  dus t ,  water ,  high Mach number and normal accelera t ion  upon 
the  low drag c h a r a c t e r i s t i c s  of the  wing. 
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Ava i l ab i l i ty  : 
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510. P l a s c o t t ,  R. H . ;  Higton, D. J.; Smith, F.; and Bramwell, A.  R.:   light 
Tests  on Hurricane 11, 2.3687 F i t t e d  With Special  Wings o f  "Low-Drag" 
Design. R. & M. No. 2546, B r i t i s h  A.R.C. ,  Sept.  1946. 

Describes f l i g h t  t e s t s  t o  inves t iga te  the  prof i le -drag  cha rac te r i s  t i c s  o f  
a 'low-drag' sec t ion  wing b u i l t  by Armstrong Whitworth, Ltd.,  using a new type 
of construct ion.  A sec t ion  of the  wing was pressure-plot ted and t h e  r e s u l t s  
showed t h a t  it should be poss ib le  t o  obta in  laminar flow over a range of  l i f t  
c o e f f i c i e n t  from 0.12 t o  0.50. A few prel iminary prof i le -drag  measurements 
were made and a f a i r l y  low prof i le -drag  c o e f f i c i e n t  (CD = 0.0046 t o  0.0050) was 
recorded over a l i f t  c o e f f i c i e n t  range of  0.20 t o  0.40; there  was, however, a 
rapid  r i s e  i n  the  p r o f i l e  drag c o e f f i c i e n t  a t  l i f t  c o e f f i c i e n t s  l e s s  than 0.20, 
and inves t iga t ion  of  t h e  surface  waviness showed t h a t  the  f a i l u r e  t o  maintain 
laminar flow a t  higher speeds was probably due t o  the excessive waviness present ,  
which amounted t o  a v a r i a t i o n  of about 52% thousandths of an inch from the  mean 
de f l ec t ion  curve on a two-inch gauge length.  

A f u r t h e r  s e r i e s  of prof i le -drag  measurements was made when the surface 
waviness had been reduced t o  t l  thousandth of an inch v a r i a t i o n  from the  mean 
de f l ec t ion  curve on a two-inch gauge length.  It was found t h a t ,  provided no 
f l i e s  o r  o the r  i n s e c t s  were picked up during the  f l i g h t ,  the  drag c o e f f i c i e n t  



had been reduced t o  0.0044 over a range of l i f t  c o e f f i c i e n t  from 0.12 t o  0.50. 
This corresponds t o  t r a n s i t i o n  from 50 t o  60 pe r  cent .  chord. With t h e  reduced 
surface  waviness, it was poss ib le  t o  maintain laminar flow up t o  Reynolds num- 
bers  of near ly  twenty mi l l ions .  
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511. P lasco t t ,  R. H.:  P r o f i l e  Drag Measurements on Hurricane I1 2.3687 F i t t e d  
With "Low Drag" Section Wings. Rep. No. Aero. 2153, B r i t i s h  R.A.E., 
Sept.  1946. 
(This version conta ins  t h e  ordinates  f o r  the  a i r f o i l  used.) 

This r e p o r t  descr ibes  f l i g h t  t e s t s  t o  determine the  improvement obtained by 
reducing t h e  surface  waviness on the  experimental "low drag" wings f i t t e d  t o  t h i s  
a i r c r a f t  t o  + one thousandth of an inch va r i a t ion  from the mean de f l ec t ion  curve 
on a two inch gauge length.  

Provided no f l i e s  o r  o the r  i n s e c t s  were picked up during the  f l i g h t ,  t h e  
drag c o e f f i c i e n t  has been reduced t o  0.0044 over a range of l i f t  c o e f f i c i e n t  
from 0.1 t o  0.5. This corresponds t o  t r a n s i t i o n  a t  50-60% chord. With t h e  
reduced surface  waviness i t  was poss ib le  t o  maintain laminar flow up t o  Reynolds 
Numbers of near ly  twenty mi l l ions .  
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512. Keeble, T. S.: F l i g h t  Tests  of the  Suction Wing Glider.  Rep. A.71, 
Aeronaut. Res. Lab. (Melbourne) , May 1951. 

An account i s  given of the  f i r s t  34 f l i g h t s  of a g l i d e r  f i t t e d  with the  
modified GLAS I1 wing. It i s  based pr imar i ly  on in te r im notes i s sued  during the  
progress of the  work and i s  intended t o  summarize the  information contained i n  
them. 

A descr ip t ion  of the  a i r c r a f t  is given and the  f l i g h t  t e s t  r e s u l t s  a r e  com- 
pared with information obtained i n  the  wind tunnel.  

Whilst there  a r e  severa l  outstanding problems which d id  no t  appear i n  the  
p re - f l igh t  wind tunnel  work, the  aerodynamic behaviour of  the  wing i n  f l i g h t  is 
very promising. In  s p i t e  of i t s  g r e a t  thickness,  the  minimum " t o t a l "  ( e x t r a  t o  
induced) drag of t h e  a e r o f o i l  a s  t e s t e d  i s  much t h e  same a s  t h a t  of  a conven- 
t i o n a l  a e r o f o i l  of l e s s e r  thickness.  

The wake drag is  l e s s  than t h a t  of  any wing measured so  f a r  i n  f l i g h t ,  much 
the  g r e a t e r  p a r t  of the  t o t a l  drag being due t o  the  pump. When the  s l o t  losses  
can be reduced t o  those obtained i n  model t e s t s  and the  l o c a l  flow i n s t a b i l i t y  



can be prevented,  very s u b s t a n t i a l  reduc t ions  should be p o s s i b l e  i n  t o t a l  d rag ;  
it should then be comparable wi th  t h a t  of a  t h i n  low drag  s e c t i o n .  

Author 
A v a i l a b i l i t y :  

N79-70043 
N-11615 

513. Raspet,  August: Boundary-Layer S tud ie s  on a  Sa i lp l ane .  Aeronaut. Eng. 
Rev., vo l .  11, no. 6 ,  June 1952, pp .  52-60. 

The s a i l p l a n e  possesses  some s p e c i a l  advantages over  even t h e  low-turbulence 
wind tunne l  f o r  boundary-layer r e sea rch .  I t  has  been po in t ed  o u t  by numerous 
boundary-layer r e sea rches  t h a t  no i se ,  because it is  a p r e s s u r e  f l u c t u a t i o n ,  can 
a c t  a s  a cause of  t r a n s i t i o n .  Around a  low-loss s a i l p l a n e ,  t h e  no i se  l e v e l  i s  
much lower than t h a t  i n  most wind tunne l s .  I n  a d d i t i o n ,  t h e  tu rbulence  of  t h e  
f r e e  atmosphere has  been shown t o  have an i n s i g n i f i c a n t  e f f e c t  a s  a  cause o f  
t r a n s i t i o n .  The powerful source o f  v i b r a t i o n ,  t h e  engine ,  i s  absent ,  and only  
t h e  v i b r a t i o n  induced by aerodynamically unsteady flows i s  p r e s e n t .  This  i s  o f  
an extremely low l e v e l .  

Coupled wi th  t he se  primary advantages of  t h e  s a i l p l a n e  a r e  those  of  mecha- 
n i z a t i o n  of  a  test  s e c t i o n .  I t  is  r e l a t i v e l y  s imple and quick t o  modify a  sec- 
t i o n  t o  a  new a i r f o i l  by p lanking  wi th  b a l s a  over  t he  o r i g i n a l  contour.  By 
f i l l i n g  wi th  p u t t y  and sanding, t h e  contour  can be made s t a b l e  and wave-free t o  
t h e  d e s i r e d  geometric p r e c i s i o n .  This  paper  i s  o f f e r e d  a s  an example of the 
unique p o s s i b i l i t i e s  of t he  s a i l p l a n e  i n  boundary-layer research .  The s tudy  
descr ibed  began f i r s t  w i t h  an examination o f  t h e  mechanism o f  t ra i l ing-edge  suc- 
t i o n .  The s tudy was planned t o  determine whether t r a i l i n g - e d g e  suc t ion  exe rc i s ed  
any c o n t r o l  ove r  the  laminar boundary l a y e r  o r  prevented t h e  s epa ra t i on  o f  t h e  
t u r b u l e n t  boundary l a y e r  near  t h e  t r a i l i n g  edge. Concurrent ly ,  experimental  
s t u d i e s  on the  source f o r  automatic  t ra i l ing-edge  s u c t i o n  were c a r r i e d  ou t .  
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514. Carmichael, B .  H. :  F l i g h t  Observations of  Suc t ion  S t a b i l i z e d  Boundary 
Layers.  Res. Rep. No. 4  (Cont rac t  Nonr 978 (00) ) , Miss iss ipp i  S t a t e  Co l l . ,  
Jan.  20, 1953. (Also a v a i l a b l e  i n  Aeronaut. Eng. , vo l .  13,  no. 2 ,  
Feb. 1954, pp. 36-41.) 

The goa l  of  t h e  p re sen t  research  i s  t o  determine whether t h e  e n t i r e  s u r -  
face  of  a  l i f t i n g  wing i n  f l i g h t  can be maintained laminar and what p o r t i o n  of  
t he  e x t e r n a l  ga in  i s  consumed by t h e  power needed t o  provide t h e  suc t ion  s t a b i -  
l i z a t i o n .  For t h i s  purpose an unquestionably cons t an t  power source w i l l  be 
employed; namely, g r a v i t y .  By comparing t h e  s ink ing  speed a t  any given forward 
speed of a  s a i l p l a n e  without  boundary l a y e r  c o n t r o l  wi th  t h a t  of t h e  same s a i l -  
p lane  with t he  laminar boundary l a y e r  s t a b i l i z e d  by s u c t i o n ,  provided by a  wind- 
m i l l  d r i ven  blower, t h e  economy of  t he  p a r t i c u l a r  system w i l l  be immediately 
determined. The use of  s a i l p l a n e s  i n  t h i s  research  provide many advantages.  



The d a t a  were taken between an a l t i t u d e  o f  12,000 f e e t  and s e a  l e v e l  with 
speeds from 40 t o  80 m.p.h. ( f l i g h t  Reynolds numbers o f  2 t o  4 x 106) .  
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515. Head, M. R . :  The Boundary Layer With ~ i s t r i b u t e d  Suc t ion .  R. & M. 
No. 2783, B r i t i s h  A.R.C. ,  1955. (Avai lable  from DDC a s  AD B029 704.) 

Experiments performed i n  f l i g h t  a t  Reynolds numbers i n  t he  region o f  
3 x l o 6  have c l e a r l y  demonstrated t he  s t a b i l i s i n g  e f f e c t  o f  small  amounts of  
d i s t r i b u t e d  suc t ion  on the  laminar  boundary l aye r .  I n  t he  absence of  a p r e s su re  
g r a d i e n t  and i n  adverse g r a d i e n t s  s i m i l a r  t o  those occu r r ing  on a normal aero- 
f o i l ,  t r a n s i t i o n  o f  t he  boundary l a y e r  t o  t he  t u r b u l e n t  form has been prevented 
by t h e  use of  such suc t ion  q u a n t i t i e s  a s  may be expected t o  l e a d  t o  very con- 
s i d e r a b l e  r educ t ions  i n  e f f e c t i v e  drag.  I t  appears ,  however, t h a t  f o r  ex t ens ive  
laminar  flow t o  be achieved i n  t h i s  way, t h e  su r f ace  must be  f r e e  from such 
excrescences a s  would cause t r a n s i t i o n  i n  the  absence of  suc t ion .  Laminar 
boundary-layer ve loc i ty-prof  i l es  obta ined  with s u c t i o n  i n  t h e  absence o f  a 
p r e s s u r e  g r a d i e n t  a r e  found t o  be i n  good agreement wi th  those  c a l c u l a t e d  f o r  
t he  f l a t  p l a t e ,  and t h e  s u c t i o n  q u a n t i t i e s  requi red  t o  maintain laminar  flow a r e  
s i m i l a r  t o  those suggested by s t a b i l i t y  theory.  
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516. Pfenninger ,  W.; Groth, E. E.; Whites, R. C . ;  Carmichael, Bruce H . ;  and 
Atkinson, J. M. : Note About Low Drag Boundary Layer Suc t ion  Experiments 
i n  F l i g h t  on a Wing Glove of  a F94-A Airplane.  Rep, No. NAI-54-849 
(BLC-69) , Northrop A i r c r a f t ,  Inc .  , Dec. 1954. 

Low drag  f l i g h t  suc t ion  experiments were conducted on t h e  upper s u r f a c e  of 
a 13%-thick cambered glove s e c t i o n  mounted on t h e  wing of  an F94-A. Suc t ion  
was app l i ed  through 12 s l o t s  l o c a t e d  between 0.415 c and 0.94 c .  

Completely laminar  flow was observed from Rc = 1 2 x 1 0 ~  t o  3 0 x 1 0 ~  glove 
chord Reynolds number, and f o r  Mach numbers up t o  0.726 a t  24,000 f t  a l t i t u d e  
(Rc = 2 0 x 1 0 ~ ) .  With i n c r e a s i n g  Reynolds number, t h e  p r o f i l e  d rag  f i r s t  decreased 
i n  a manner s i m i l a r  t o  t h e  f r i c t i o n  drag  o f  a laminar f l a t  p l a t e .  The minimum 
p r o f i l e  drag c o e f f i c i e n t  f o r  t he  upper su r f ace  was 0.000577 ( inc lud ing  t h e  
equ iva l en t  d r ag  due t o  t h e  s u c t i o n  power) a t  Rc = 2 2 x 1 0 ~ .  The corresponding 
s u c t i o n  weight flow c o e f f i c i e n t  was cw = 0.00034. 

No d i f f i c u l t i e s  were gene ra l l y  experienced with su r f ace  roughness up t o  
= 28x106, corresponding t o  a Reynolds number p e r  u n i t  l eng th  of  3 .73xlo6/f t .  



Twenty -one o u t  of  twenty-three consecut ive f l i g h t s  showed 100% laminar flow, 
and only two f l i g h t s  were unsuccess fu l  due t o  damage o f  t h e  glove l ead ing  edge 
from bugs and sand. 
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517. Carmichael, B.  H . ;  and Whites, R. C.: Low Drag Boundary Layer Suc t ion  
Experiments i n  F l i g h t  on the Wing Glove of  an F94A Airplane - Phase 111: 
Laminar Suct ion A i r f o i l  Tolerances.  Rep. No. NAI-57-1163 (Cont rac t  
AF33 (616) -3168) , BLC-101, Northrop A i r c r a f t ,  I n c . ,  Aug. 1957. 

This r e p o r t  d e a l s  wi th  i n v e s t i g a t i o n s  o f :  a l lowable suc t ion  v a r i a t i o n ,  
e f f e c t  of s l o t  blockage,  a l lowable s u r f a c e  waviness and al lowable su r f ace  rough- 
ness .  An a t tempt  was made t o  determine t h e  s u c t i o n  and drag  pena l ty  f o r  smal l  
d i s turbances  a s  we l l  a s  t h e  minimum s i z e  o f  d i s tu rbance  which would r e s u l t  i n  
t u r b u l e n t  flow a t  t h e  t r a i l i n g  edge f o r  a l l  cond i t i ons .  The purpose o f  t h e  
experiments was t o  check t h e  v a l i d i t y  o f  p r e d i c t i o n  methods from t h e  above 
r e f e r ences  when app l i ed  t o  a wing with suc t ion  over  t h e  r e a r  60% chord and 
ope ra t i ng  a t  h igh  Reynolds numbers. 
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518. Carmichael,  B .  H . ;  Whites, R. C . ,  and Wisma, R. E . :  Low Drag Boundary 
Layer Suct ion Experiments i n  F l i g h t  on t h e  Wing Glove of  an F94-A 
Airplane - Phase I V :  Suct ion Through 8 1  S l o t s .  Rep. No. BLC-102, 
NAI-57-1025 (Cont rac t  AF33 (616) -3168) , Northrop A i r c r a f t ,  Inc .  , Aug. 
1957. (Avai lab le  from DDC a s  AD 150 529.) 

F l i g h t  experiments were conducted on a wing glove s e c t i o n  mounted on t h e  
upper s u r f a c e  o f  t h e  wing of an F94-A a i r c r a f t .  Boundary l a y e r  s u c t i o n  was 
app l i ed  through 8 1  s l o t s  from 8% c t o  95% c .  The t o t a l  d rag  c o e f f i c i e n t  f o r  t h e  
upper su r f ace  ( i n c l u d i n g  t h e  equ iva l en t  drag due t o  t h e  suc t ion  power) va r i ed  
l i n e a r l y  from 5 . 1 ~ 1 0 ' ~  a t  C L ~  = 0 . 1  t o  8 .5~10-4  a t  C = 0.46. The lowest  

L~ 
t o t a l  d r ag  va lues  were obta ined  by decreas ing  s u c t i o n  u n t i l  a t r a n s i t i o n  type  
p r o f i l e  occur red  a t  t h e  t r a i l i n g  edge. The r equ i r ed  suc t ion  q u a n t i t i e s  over  t he  
new forward p o r t i o n  o f  t h e  glove averaged V; = 0.6 f o r  t he  e n t i r e  C L ~  range. 

Laminar flow was maintained t o  t h e  t r a i l i n g  edge a t  a maximum a i r p l a n e  l i f t  
c o e f f i c i e n t  o f  0 .51 a s  compared t o  a va lue  o f  0.32 f o r  the  69-s lo t  glove (where 
t h e  s u c t i o n  s t a r t e d  a t  41% chord ) .  The lift c o e f f i c i e n t  range f o r  laminar  flow 
a t  cons t an t  a l t i t u d e  has  i nc reased  s i x f o l d  over  t he  69-s lo t  suc t ion  glove.  

The t o t a l  drag c o e f f i c i e n t s  a t  given l i f t  c o e f f i c i e n t s  were reduced by 
i n c r e a s i n g  the Reynolds number through s teady  t u r n i n g  f l i g h t  a t  normal load  
f a c t o r s  o f  1.4 t o  2 . 0 .  



NO problems o f  a  p r a c t i c a l  na tu re  were encountered with t h e  81-s lo t  glove. 
This r e s u l t  i s  s i g n i f i c a n t  i n  t h a t  t h i n  and/or swept wings w i l l  n e c e s s i t a t e  
suc t ion  q u i t e  f a r  forward. 
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519. Pfenninger ,  W . ;  and Groth, E . :  Low Drag Boundary Layer Suct ion Experiments 
i n  F l i g h t  on a  Wing Glove o f  an F-94A Airplane With Suc t ion  Through a  
Large Number o f  Fine S l o t s .  Boundary Layer and Flow Cont ro l ,  P r i n c i p l e s  
and Appl ica t ions ,  Volume 2 ,  G .  V. Lachmann, e d . ,  Pergamon P re s s ,  1961, 
pp. 981-997. 

This  chap te r  d e s c r i b e s  t h e  experimental  s e t u p  and g ives  measurements and 
observa t ions .  The d a t a  a r e  eva lua t ed  and r e s u l t s  d i scussed .  The F-94A f l i g h t  
experiments v e r i f i e d  fu l l -chord  laminar  flow with boundary l a y e r  s u c t i o n  a t  
h ighe r  Reynolds numbers than i n  prev ious  work, confirming t h e  r e s u l t s  o f  t r a n s i -  
t i o n  d a t a  on t h e  King Cobra laminar  wing. 

520. Burrows, F. M . :  C h a r a c t e r i s t i c s  of  t h e  Flow F i e l d  Over t h e  Mid-Upper 
Fuselage of Lancas te r  P.A. 474. Note No. 36, Col l .  o f  Aeronaut. ,  
Cranf ie ld  (England) ,  Jan .  1956. 

This  no te  desc r ibes  a  s e r i e s  of  t e s t s  conducted t o  determine the  cha rac t e r -  
i s t i c s  of  the  flow f i e l d  over  t h e  mid-upper fu se l age .  The range of  t he  t e s t s  
i nc ludes  a  de te rmina t ion  of t h e  d i s t r i b u t i o n s  o f  t o t a l  head, s t a t i c  p r e s su re  and 
v e l o c i t y  t oge the r  wi th  t h e  flow d i r e c t i o n a l  c h a r a c t e r i s t i c s  i n  the  p i t c h i n g  
p lane  f o r  a  number o f  a i r c r a f t  f l i g h t  con f igu ra t i ons .  Curves a r e  p re sen t ed  
showing t h e  flow d i r e c t i o n a l  c h a r a c t e r i s t i c s  and t h e  d i s t r i b u t i o n s  of  s t a t i c  
p r e s su re  and v e l o c i t y  i n  t h e  reg ion  of  i n v e s t i g a t i o n .  

A v a i l a b i l i t y  : 
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521. Burrows, F. M.  : Equipment Used f o r  Boundary Layer Measurements i n  F l i g h t .  
Note No. 49, Col l .  o f  Aeronaut., C ran f i e ld  (England) ,  Ju ly  1956. 

Some no te s  a r e  presen ted  r e l a t i n g  t o  t he  des ign  and cons t ruc t ion  o f  a  l a r g e  
mul t i tube  manometer and t o  two ' f i x e d  head'  type  boundary l a y e r  combs t o  be used 
f o r  t h e  measurement i n  f l i g h t  of  the  boundary l a y e r  c h a r a c t e r i s t i c s  of a swept 
back wing. Although the  equipment descr ibed  was designed with a  p a r t i c u l a r  



o b j e c t  i n  view, t he re  i s  no reason why the  des igns  should n o t  be modified a s  and 
where necessary f o r  the  cons t ruc t ion  of s i m i l a r  equipment. 

522. Allen,  L. D.  ; and Burrows, F. M .  : F l i g h t  Experiments on the  Boundary Layer 
C h a r a c t e r i s t i c s  of a Swept Back Wing. Rep. No. 104, Col l .  of Aeronaut., 
Cranf ie ld  (England) , J u l y  1956. 

This work cons iders  the  measurement i n  f l i g h t  of t he  boundary l a y e r  charac- 
t e r i s t i c s  o f  an untapered, untwisted,  45O swept back h a l f  wing of  t h i n  symmetri- 
c a l  s ec t ion ,  mounted v e r t i c a l l y  on top  of  t he  fuse lage  of an Anson Mark I a i r -  
c r a f t .  The primary aim was t o  s tudy t h e  t r a n s i t i o n  mechanism on swept back 
wings, and an account i s  presented  of t h e  experiments s o  f a r  performed with t h i s  
o b j e c t  i n  view. At ten t ion  i s  a l s o  given t o  t he  des ign ,  development and con- 
s t r u c t i o n  of  a s u i t a b l e  boundary l a y e r  t r a v e r s i n g  gear .  For an inc idence  range 
of o0 t o  lo0, and Reynolds numbers of 4 ,  4$, 5 ,  6 ,  7 ,  and 8 mi l l i on  t h e  s t a t i c  
p re s su re  d i s t r i b u t i o n s  were determined and a l s o  t h e  l o c a t i o n s  of  t r a n s i t i o n  f o r  
both su r f aces  using t h e  creeping su r f ace  p i t o t  technique.  For both upper and 
lower wing su r f aces  t r a n s i t i o n  was found t o  move towards the  leading  edge with 
increase  of e i t h e r  incidence o r  Reynolds number. This i s  i n  agreement with the  
r e s u l t s  ob ta ined  by Bu t l e r .  
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523. Burrows, F. M . :  A Theore t ica l  and Experimental Study of t he  Boundary Layer 
Flow on a 45O Swept Back Wing. Rep. No. 109, Col l .  o f  Aeronaut., 
C ran f i e ld  (England) , Oct . 1956. 

P a r t i c u l a r  a t t e n t i o n  is given t o  t he  onse t  of boundary l a y e r  i n s t a b i l i t y  
and i t s  a s soc i a t ion  with c r i t i c a l  values of  secondary flow Reynolds numbers a s  
def ined by Owen and Randall .  Several  a spec t s  of t he  problem a r e  considered,  
each i n  some d e t a i l ,  and some i n t e r e s t i n g  r e s u l t s  both t h e o r e t i c a l  and expe r i -  
mental a r e  presented .  To s a t i s f y  the  need f o r  t e s t s  a t  Reynolds numbers com- 
p a t i b l e  with f u l l  s c a l e ,  the  experiments were performed, i n  f l i g h t ,  on a l a r g e  
untapered, untwisted,  45O swept back h a l f  wing mounted a s  a d o r s a l  f i n  upon the  
mid upper fuse lage  of an Avro Lancaster ,  the  Reynolds number range thus  achieved 
being 0.88 x l o 6  - 1.92 x lo6 p e r  f o o t .  Curves a r e  presented  g iv ing  d e t a i l s  of 
the measured d i s t r i b u t i o n s  of s t a t i c  p re s su re ,  chordwise loadings ,  and the  
boundary l a y e r  flow, the  l a t t e r  i n  ex tens ive  d e t a i l ,  f o r  wing geometric i n c i -  
dences i n  t he  range o0 - l o0 ,  upper and lower su r f aces ,  and f o r  t e s t  Reynolds 
numbers i n  the range defined above. No laminar flow was found t o  e x i s t  on 
e i t h e r  the  upper o r  lower su r f ace  of t h e  wing f o r  Reynolds numbers a t ,  and i n  



excess  o f  1.55 x lo6  p e r  f o o t  thus showing the  need f o r  some form o f  boundary 
l a y e r  con t ro l  t o  suppress  t h e  e f f e c t s  o f  sweep i n s t a b i l i t y .  
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524.  Walton, J.: Addendum t o  a Theore t i ca l  and Experimental Study of  t h e  
Boundary Layer Flow on a 45O Swept Back Wing. Rep. No. 109 Addendum, 
Co l l .  of  Aeronaut. ,  C ran f i e ld  (England) ,  Nov. 1957. 

College of Aeronaut ics  Report 109 desc r ibes  F l i g h t  Tes t s  c a r r i e d  o u t  on a 
swept back h a l f  wing o f  double e l l i p t i c  s e c t i o n  t o  i n v e s t i g a t e  t he  n a t u r e  of  t h e  
boundary l a y e r  flow, wi th  p a r t i c u l a r  r e f e r ence  t o  Boundary Layer I n s t a b i l i t y  and 
subsequent t r a n s i t i o n .  

The wing, which had a chord of 7 f t . 2 "  was mounted a s  a d o r s a l  f i n  on the  
mid upper fuse lage  o f  an Avro Lancaster ,  which enabled a Reynolds Number range 
of 0.88 x l o6  - 1.92 x lo6 p e r  f o o t  t o  be achieved. There was some doubt about  
t he  v a l i d i t y  o f  apply ing  t h e  r e s u l t s  o f  t he se  tests t o  wings o f  orthodox s e c t i o n  
because of  t h e  p o s s i b l e  occurrence o f  wake i n s t a b i l i t y  a s s o c i a t e d  wi th  t h e  b l u f f  
t r a i l i n g  edge. This  Addendum gives  t h e  r e s u l t s  of  a few check t e s t s  on t h e  same 
wing wi th  a s h o r t  t r a i l i n g  edge ex tens ion  having a t r a i l i n g  edge angle  of  
approximately 12O. Unfortunately wing su r f ace  d e t e r i o r a t i o n  near  t h e  L.E. from 
mid s e m i  span t o  t h e  t i p  prevented conc lus ive  r e s u l t s  be ing  obta ined  b u t  some 
evidence i s  p re sen t ed  t o  show t h a t  t h e  r e s u l t s  a r e  n o t  i n v a l i d a t e d  by t h e  choice 
of s e c t i o n .  
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525. Landeryou, R. R.;  and P o r t e r ,  P .  G . :  Fu r the r  Tes t s  o f  a Laminar Flow 
Swept Wing With Boundary Layer Control  by Suc t ion .  Rep. Aero. No. 192, 
Col l .  o f  Aeronaut. ,  C ran f i e ld  (England) , May 1966. 

Fu r the r  f l i g h t  tests have been performed on t h e  Handley Page swept f i n  hav- 
i n g  s l i t t e d  suc t ion  s u r f a c e s  f o r  laminar flow c o n t r o l .  

The main o b j e c t  o f  t h e  t e s t s  was t o  achieve f u l l  chord laminar flow a t  and 
s l i g h t l y  above a u n i t  Reynolds number of  1 .5  x lo6  p e r  f o o t .  

Laminar flow was ob t a ined ,  a t  t h e  ins t rumenta t ion  p o s i t i o n  (90% chord) up 
t o  a unit Reynolds number of 1.87 x l o 6  p e r  f o o t .  It was a l s o  demonstrated t h a t  
i t  was p o s s i b l e  t o  achieve 99% l amina r i s a t i on  o f  t h e  l amina r i s ab l e  a r e a  forward 
of  90% chord a t  a u n i t  Reynolds number of  1 .58 x lo6 p e r  f o o t .  



Complete suppression of leading edge contamination has been demonstrated up 
to 1.47 times the theoretical critical Reynolds number based on the attachment 
line momentum thickness. 

Investigations have been carried out into the effect of changes in inci- 
dence, suction quantity and unit Reynolds number on the chordwise position of 
transition. 

Experimental and calculated boundary layer profiles at the same conditions 
have been compared and a good correlation between them has been obtained. 

A qualitative assessment of environmental and production difficulties 
likely to be encountered on an aircraft using this system, has also been made. 
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527. Groth, E. E.: Boundary Layer Transition on Bodies of Revolution. Rep. 
No. NAI-57-1162 (Contract ~F33(616)-3168), BLC-100, Northrop Aircraft, 
Inc., July 1957. (Available from DDC as AD 150 527.) 

Boundary layer transition measurements on bodies of revolution at zero 
incidence have been made in two wind tunnels and in flight at subsonic speeds. 
The results of these experiments demonstrate the importance of the potential 
flow pressure distribution along the body on transition. A theoretical analysis 
comparing the experimental data with two-dimensional transition values indicates 
that the slope of the body contour has a major influence on transition of bodies 
of revolution. Increasing radius along the body axis moves transition forward, 
decreasing radius moves it aft of the station computed for two-dimensional flow. 
Since the ratio of the momentum thickness Reynolds numbers at transition for 
axially symmetrical and two-dimensional flow depends primarily on the local 
slope of the body, the results of this analysis might be used for an estimate of 
boundary layer transition on any body of revolution at zero degree angle of 
attack and incompressible flow. 
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528. Groth, E. E.: Low Speed Wind Tunnel Measurements on a Body of Revolution 
of Fineness Ratio 8. Rep. No. BLC-6, Northrop Aircraft, Inc., Aug. 1953. 
(Available from DDC as AD 20 076.) 



A 7- f t  model of  an e l l i p s o i d  o f  f i nenes s  r a t i o  8  with modified r e a r  end 
was t e s t e d  a t  t he  Northrop low speed wind tunne l  f o r  l ength  Reynolds numbers 
between 1 and 7 - 106 The drag  c o e f f i c i e n t  o f  t he  body was 1.4 t imes t he  lami- 
na r  f r i c t i o n  d rag  of  a  f l a t  p l a t e  up t o  a  Reynolds number of  4  - l o 6 .  Boundary 
l a y e r  observa t ions  showed a  laminar  s epa ra t i on  without  a  wel l  def ined  t u r b u l e n t  
reat tachment  i n  t he  r e a r  p a r t  of t he  body a t  Reynolds numbers below 1 , 8  - l o6 ,  a  
slow forward s h i f t  of t r a n s i t i o n  from 92% a t  2  . 106 t o  78% of  t h e  l e n g t h  a t  a  
Reynolds number o f  4 - l o 6 ,  and then a  r ap id  forward s h i f t  due t o  t h e  tu rbulence  
of t h e  wind tunne l .  
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529. Groth,  E. E . :  Boundary Layer T rans i t i on  on Bodies of  Revolution of  D i f f e r -  
e n t  Shape. Summary of  Laminar Boundary Layer Control  Research. WADC 
Tech. Rep. 56-111, U.S. A i r  Force,  Apr. 1957, pp. 182-183. (Avai lab le  
from DDC a s  AD 130 5  79. ) 

The a p p l i c a t i o n  of boundary l a y e r  suc t ion  t o  bodies  of r evo lu t ion  f o r  main- 
t a i n i n g  f u l l  laminar  flow over  t he  body l eads  t o  t h e  ques t i on  a s  t o  where t r a n s i -  
t i o n  occurs  wi thout  suc t ion  i n  o rde r  t o  determine t h e  l o c a t i o n  of t h e  f i r s t  s l o t .  
The l i t e r a t u r e  a v a i l a b l e  on t h i s  s u b j e c t  i s  very  l i m i t e d .  Pre l iminary  expe r i -  
ments on an 8 : l  e l l i p s o i d  ( s ee  Northrop Report BLC-6) i n d i c a t e d  a  maximum t r a n s i -  
t i o n  Reynolds number RT = XT/L RL o f  t h e  o r d e r  of  3 .1  x  l o 6  where XT is t h e  
l o c a t i o n  of  t r a n s i t i o n  and L  t h e  l eng th  of  t he  body. High speed tunne l  mea- 
surements by ~ o t h e r t  i n  Germany gave maximum va lues  of RT of  about  4 x lo6 a t  
Mach numbers beyond 0.7. Since it i s  expected t h a t  t h e  shape of  the  body, i . e .  
the  p re s su re  d i s t r i b u t i o n  along t h e  su r f ace ,  ha s  an e f f e c t  on t he  e x t e n t  of t h e  
laminar  boundary l a y e r ,  t h r e e  d i f f e r e n t  body shapes were i n v e s t i g a t e d  a t  t h e  
Northrop low speed wind tunne l .  
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530. Banner, Richard D.  ; McTigue, John G. ; and P e t t y ,  G i l b e r t ,  Jr. : Boundary- 
Layer-Transition Measurements i n  Ful l -Scale  F l i g h t .  NACA RM H58E28, 
1958. 

This paper  shows t h e  r e s u l t s  ob ta ined  i n  t he  e a r l y  f l i g h t  t e s t s  which d e t e r -  
mined t h e  e x t e n t  of  laminar flow t h a t  could be ob ta ined  with p r a c t i c a l  wing- 
su r f ace  cond i t i ons  . 



Chemical subl imat ion was employed f o r  boundary-layer-flow v i s u a l i z a t i o n  
on t h e  wings of a supersonic  f i g h t e r  a i r p l a n e  i n  l e v e l  f l i g h t  a t  speeds nea r  a 
Mach number of 2 - 0 .  The t e s t s  showed t h a t  laminar flow can be ob t a ined  over  
ex t ens ive  a r e a s  of  t he  wing wi th  p r a c t i c a l  wing-surface cond i t i ons .  

I n  add i t i on  t o  t h e  flow v i s u a l i z a t i o n  t e s t s ,  a method of  cont inuous ly  
monitor ing t h e  cond i t i ons  of  t h e  boundary l a y e r  w a s  app l i ed  t o  f l i g h t  t e s t i n g ,  
us ing  hea t ed -  temperature r e s i s t a n c e  gages i n s t a l l e d  i n  a F ibe rg l a s  "glove" 
i n s t a l l a t i o n  on one wing. Tes t s  were conducted a t  speeds from a Mach number o f  
1 .2  t o  a .  Mach number of 2 .0 ,  a t  a l t i t u d e s  from 35,000 f e e t  t o  56,000 f e e t .  

Data ob ta ined  a t  a l l  angles  of a t t a c k ,  from near  o0 t o  nea r  lo0 ,  showed 
t h a t  t h e  maximum t r a n s i t i o n  Reynolds number on t h e  upper s u r f a c e  o f  t h e  wing 
va r i ed  from about  2.5 x l o 6  a t  a Mach number o f  1.2 t o  about  4 x l o 6  a t  a Mach 
number of 2.0. On the  lower s u r f a c e ,  t h e  maximum t r a n s i t i o n  Reynolds number 
va r i ed  from about  2 x 106 a t  a Mach number of  1.2 t o  about  8 x lo6 a t  a Mach 
number o f  2.0. 
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531. McTigue, John G. ;  Overton, John D.;  and P e t t y ,  G i l b e r t ,  Jr.: Two Tech- 
n iques  f o r  Detec t ing  Boundary-Layer T rans i t i on  i n  F l i g h t  a t  Supersonic  
Speeds and a t  A l t i t u d e s  Above 20,000 Feet .  NASA TN D-18, 1959. 

The l o c a t i o n  of t r a n s i t i o n  was measured on a supersonic  f i gh t e r - t ype  a i r -  
p lane  by resistance-thermometer and subl imat ion techniques .  Appl ica t ion  o f  
these  techniques r equ i r ed  t h e  use of  only t h e  e x t e r n a l  s u r f a c e  wi thout  d i s t u r b i n g  
the  i n t e r n a l  s t r u c t u r e .  Agreement between the  two methods a s  achieved through- 
o u t  t h i s  program i s  d iscussed .  Also p re sen t ed  a r e  p o s s i b l e  ex t ens ions  o f  t h e  
program t o  h ighe r  Mach numbers. 
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532. Raspet,  August; and Gyorgyfalvy, Dezso: Boundary Layer S tud ie s  on the  
Phoenix S a i l p l a n e .  Mis s i s s ipp i  S t a t e  Univ. paper  p re sen t ed  a t  V I I I  
Congress of  O.S.T.I.V. ( ~ o l n ,  Germany), June 1960. 

I t  was f e l t  by t h e  au tho r s  t h a t  a c r i t i c a l  examination of  t h e  Phoenix 
would provide much use fu l  information and would c o n t r i b u t e  t o  f u r t h e r  improve- 
ments of E p p l e r ' s  method f o r  des ign ing  a i r f o i l s .  

I n  view of t h e  e x c e l l e n t  geometric s t a b i l i t y  o f  t he  sandwich cons t ruc t ion  
on the  Phoenix and t h e  unique mathematical approach t o  t h e  a i r f o i l  des ign  f o r  
t h i s  s a i l p l a n e ,  a concent ra ted  f l i g h t  research  aimed a t  examining t h e  boundary 
l a y e r  development on the  Phoenix a i r f o i l  was conducted a t  Mis s i s s ipp i  S t a t e  
Univers i ty  dur ing  the  s p r i n g  of 1959. I t  i s  the  purpose of  t h i s  paper  t o  r e p o r t  
on t h e  r e sea rch  conducted on the  Phoenix a i r f o i l .  In gene ra l ,  t h e  a i r f o i l  was 



found t o  f u l f i l l  t he  design condi t ions  l a i d  down by Eppler.  I n  one p a r t i c u l a r ,  
it even exceeded a l l  expec t a t i ons  i n  t h a t  it a t t a i n e d  a  maximum l i f t  c o e f f i c i e n t  
of 1.75, cons iderab ly  h ighe r  than c l a s s i c a l  Laminar a i r f o i l s .  
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533. Russe l l ,  W .  R. : Analysis  o f  Low-Speed Wind Tunnel Tes t s  of  a  30° Swept, 
Laminar, Suct ion Wing. NOR-61-233 (Cont rac t  AF33 (600) -42052) , Northrop 
Corp. , Sept .  1961. 

Wind tunne l  t e s t s  were conducted i n  August 1961 i n  t h e  Norair  low-speed 
wind tunne l  on a  symmetrical,  30° swept,  12%-thick,  laminar s u c t i o n  wing of  
cons t an t  chord. The o b j e c t i v e s  of t h e  t e s t  were t o  ob t a in ;  

1. experimental  d a t a  on suc t ion  wing s t a l l  c h a r a c t e r i s t i c s  wi th  outflow 
from t h e  l ead ing  edge s l o t s ,  

2 .  s u c t i o n  requirements  f o r  main ta in ing  laminar flow i n  t h e  presence of  a  
spanwise p re s su re  g r a d i e n t ,  

3. s t r i p - t u b e  p re s su re  measurement accuracy a t  f i n i t e  angles  o f  a t t a c k ,  

4 .  l o w - l i f t  d rag  o f  a  s l o t t e d  wing su r f ace  without  s u c t i o n ,  and 

5. t h e  e f f e c t  on t h e  a i r c r a f t ' s  moment equi l ib r ium,  l o n g i t u d i n a l l y  and 
l a t e r a l l y ,  o r  complete l o s s  o f  suc t ion .  

Comparison has  been made between measured suc t ion  requirements  due t o  spanwise 
p re s su re  g r a d i e n t s  and suc t ion  requirements  due t o  spanwise p re s su re  g r a d i e n t s  
ob ta ined  from an empi r i ca l  method f o r  p r e d i c t i o n  of  such requirements .  
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534. ~ f e n n i n g e r ,  W .  ; Gross, L. W. ; Bacon, J. W .  , Jr. ; and Tucker, V .  L. : 
Experimental I n v e s t i g a t i o n  of  a  30° Swept 12%-Thick Laminar Suct ion Wing 
i n  t h e  NASA Ames 12-Foot Pressure  Wind Tunnel. Rep. No. NOR-60-108 
(BLC-129) , Northrop Corp. , Oct. 196 1. 

The purpose of  t he  p r e s e n t  experiments i s  t h e  v e r i f i c a t i o n  of  f u l l  chord 
laminar  flow on the  30° swept 12%-thick symmetrical low drag  s u c t i o n  wing which 
had p rev ious ly  been t e s t e d  i n  t he  Michigan 5 '  x 7 '  tunne l  and i n  t h e  Norair  
7 '  x 1 0 '  t unne l ,  a t  f u r t h e r  i nc reased  Reynolds numbers i n  t h e  Arnes 12-foot 
p r e s su re  t unne l .  

Low d rag  boundary l a y e r  s u c t i o n  experiments were conducted a t  high Reynolds 
numbers on the  Norair  wing a t  a = 0 ,  21, 51.5 and -2O angles  of  a t t a c k .  A t  
f i v e  atmospheres tunne l  p r e s su re  f u l l  chord laminar  flow was maintained up t o  a  



6 wing chord Reynolds number Rc = 29 x 10 wi th in  an angle  of  a t t a c k  range of  
a = +lo, wi th  a minimum wing p r o f i l e  d rag  c o e f f i c i e n t  a t  Rc = 27 x l o6  of 

"win  
= -00097 f o r  both wing su r f aces  ( i nc lud ing  equ iva l en t  suc t ion  drag)  and 

a corresponding optimum suc t ion  q u a n t i t y  c o e f f i c i e n t  CQ = .00070. A t  
o p t  a = +1.5O f u l l  chord laminar flow was maintained up t o  Rc = 22 x l o 6  and 

24 x l o 6 ,  r e s p e c t i v e l y .  
Author 
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535. Gaul t ,  Donald E . :  An Experimental I n v e s t i g a t i o n  of  Boundary-Layer Control  
f o r  Drag Reduction of  a Swept-Wing Sec t ion  a t  Low Speed and High Reynolds 
Numbers. NASA TN D-320, 1960. 

The model was a 72 -96-inch-chord wing pane l ,  swept back 30°, which was 
i n s t a l l e d  between end p l a t e s  t o  approximate a wing o f  i n f i n i t e  span. The a i r -  
f o i l  s e c t i o n  employed was a modified NACA 66-012 i n  t h e  streamwise d i r e c t i o n .  
Tes t s  were l i m i t e d  t o  c o n t r o l l i n g  t h e  flow over  only t h e  upper su r f ace  of  t h e  
model. Seventeen i n d i v i d u a l l y  c o n t r o l l a b l e  suc t ion  chambers were provided below 
t h e  su r f ace  t o  induce flow through 93 spanwise s l o t s  i n  t h e  s u r f a c e  between t h e  
0.0052- and 0.97-chord s t a t i o n s .  

0 0 0 0 
Tes ts  were made a t  angles  o f  a t t a c k  of  0 , '1.0 , 21.5 , and -2.0 f o r  

Reynolds numbers from approximately 1 . 5 ~ 1 0 ~  t o  4 . 0 ~ 1 0 ~  p e r  foo t .  I n  gene ra l ,  
e s s e n t i a l l y  fu l l -chord  laminar  flow was ob ta ined  f o r  a l l  condi t ions  wi th  smal l  
s u c t i o n  q u a n t i t i e s .  Minimum p ro f i l e -d rag  c o e f f i c i e n t s  o f  about 0.0005 t o  0.0006 
were ob ta ined  f o r  t h e  s l o t t e d  su r f ace  a t  maximum va lues  o f  t h e  Reynolds number; 
t he se  va lues  i nc lude  t h e  power r equ i r ed  t o  induce suc t ion  a s  an equ iva l en t  drag.  
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536. Gross, L. W.; Bacon, J. W . ,  Jr.; and Tucker, V. L. :  Experimental I n v e s t i -  
ga t ion  and Theore t i ca l  Analysis  of  Laminar Boundary Layer Suct ion on a 
30° Swept, 12-Percent-Thick Wing i n  t he  NASA Ames 12-Foot Pressure  Wind 
Tunnel. Summary of Laminar Boundary Layer Control  Research, Volume I ,  
ASD-TDR-63-554, U.S. A i r  Force,  Mar. 1964, pp. 96-110. (Avai lab le  from 
DDC a s  AD 605 185.)  

Low drag  boundary l a y e r  s u c t i o n  experiments were conducted a t  h igh  Reynolds 
numbers i n  t h e  Arnes 12-foot p r e s su re  tunne l  on t h e  Nora i r  30° swegt, 12-percent- 
t h i c k ,  symmetrical laminar  s u c t i o n  wing a t  a = 0, 21, 21.5 and -2 angles  o f  
a t t a c k .  A t  f i v e  atmospheres tunne l  p r e s su re  f u l l  chord laminar  flow was main- 
t a i n e d  up t o  a wing chord Reynolds number Rc = 29 x lo6  wi th in  an angle  o f  
a t t a c k  range of a = '1, wi th  a minimum equ iva l en t  t o t a l  d rag  c o e f f i c i e n t  a t  
Rc = 27 x l o6  o f  C = .00097 f o r  both wing s u r f a c e s  ( i nc lud ing  equ iva l en t  

Dtmin 



suc t ion  drag)  and a  corresponding optimum suc t ion  q u a n t i t y  c o e f f i c i e n t  

C ~ o p  t 
= .00070. A t  a = ?1.5O f u l l  chord laminar  flow was maintained up t o  

Ei, = 22 x l o 6  and 24  x l o 6 ,  r e s p e c t i v e l y .  Ca lcu la t ion  of  t he  boundary l a y e r  
development f o r  s e v e r a l  t e s t  p o i n t s  a t  ang le s  of  a t t a c k  a = lo, oO, -ti0 i n d i c a t e  
t h a t  t he  laminar  boundary l a y e r  on a  swept laminar  suc t ion  wing i s  a f f e c t e d  by 
both t h e  s t a b i l i t y  of t h e  t a n g e n t i a l  flow and t h e  c ross f low i n  t h e  boundary 
l a y e r .  
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537. Gross, Lloyd W . ;  and Tucker, V i rg in i a  L . :  Analysis  of  t h e  Boundary Layer 
Development on a  30-Degree Swept Laminar Suct ion Wing. Rep. No. 
NOR-61-244 (BLC-134) , Northrop Corp . , June 1962. 

I n  o rde r  t o  c o r r e l a t e  t h e  a c t u a l  crossf low Reynolds number o f  t h e  t e s t s  on 
t he  30-degree swept laminar  s u c t i o n  wing wi th  t he  t h e o r e t i c a l  s t a b i l i t y  l i m i t  
Reynolds number f o r  t h e  boundary l a y e r  crossf low,  t h e  boundary l a y e r  development 
over  t h e  model was c a l c u l a t e d  a t  s e v e r a l  tes t  p o i n t s .  The r e s u l t s  of  t h e s e  c a l -  
c u l a t i o n s  a r e  presen ted  i n  t h i s  r e p o r t .  

The model was designed f o r  ope ra t i on  a t  a  l ength  Reynolds number Rc = l o 7 .  
During the  experiments ,  l eng th  Reynolds numbers of  28 x l o 6  were a t t a i n e d  wi th  
f u l l  chord laminar  flow. I n  o rde r  t o  a s c e r t a i n  the  e f f e c t s  of  ope ra t i ng  s o  f a r  
from t h e  design p o i n t ,  c a l c u l a t i o n s  were made t o  determine t h e  inf low of  each 
s l o t  nea r  t he  t r a i l i n g  edge a t  t h e  h i g h e s t  l ength  Reynolds numbers a t t a i n e d .  
The r e s u l t s  of  these  c a l c u l a t i o n s  a r e  a l s o  included i n  t h i s  r e p o r t .  
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538. Bol tz ,  Freder ick  W . ;  Kenyon, George C.; and Al len ,  Clyde Q . :  The Boundary- 
Layer T rans i t i on  C h a r a c t e r i s t i c s  of  Two Bodies o f  Revolution, a F l a t  
P l a t e ,  and an Unswept Wing i n  a  Low-Turbulence Wind Tunnel. NASA 
T N  D-309, 1960. 

An i n v e s t i g a t i o n  was conducted i n  t he  Ames 12-foot  low-turbulence p re s su re  
tunne l  t o  determine the  boundary-layer t r a n s i t i o n  c h a r a c t e r i s t i c s  of two bodies  
of r evo lu t ion  ( f i nenes s  r a t i o s  7.5 and 9 . 0 ) ,  a  f l a t  p l a t e ,  and an unswept wing 
(NACA 642A015 s e c t i o n )  a t  subsonic  speeds,  Included i n  t h e  i n v e s t i g a t i o n  was a 
survey o f  t h e  tunne l  tu rbulence  and sound l e v e l s  us ing  a  hot-wire anemometer and 
a  condenser microphone. I n  a l l  c a se s  it was found t h a t  t h e  p re s su re  d i s t r i b u -  
t i o n  was a  primary f a c t o r  i n  determining the  l e v e l  o f  t r a n s i t i o n  Reynolds num- 
be r .  Adverse e f f e c t s  o f  i n c r e a s i n g  Mach number on the  t r a n s i t i o n  Reynolds 



numbers obta ined  a t  t he  lower speeds were found t o  be a t t r i b u t a b l e  t o  changes i n  
both the  frequency and i n t e n s i t y  of sound waves i n  the  tunnel .  
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539. Bol tz ,  Frederick W. ; Kenyon, George C .  ; and Allen,  Clyde Q.  : E f f e c t s  of 
Sweep Angle on the  Boundary-Layer S t a b i l i t y  C h a r a c t e r i s t i c s  o f  an 
Untapered Wing a t  Low Speeds. NASA TN D-338, 1960. 

An i n v e s t i g a t i o n  was conducted i n  the Ames 12-Foot Low-Turbulence Pressure  
Tunnel t o  determine t h e  e f f e c t s  of sweep on the  boundary-layer s t a b i l i t y  charac- 
t e r i s t i c s  of  an untapered va r i ab l e  -sweep wing having an NACA 642A015 s e c t i o n  
normal t o  the  leading  edge. Pressure  d i s t r i b u t i o n  and t r a n s i t i o n  were measured 
on the  wing a t  low speeds a t  sweep angles  of  oO, l o 0 ,  20°, 30°, 40°, and 50° 
and a t  angles  of a t t a c k  from -3O t o  3O. The i n v e s t i g a t i o n  a l s o  inc luded  flow- 
v i s u a l i z a t i o n  s t u d i e s  on the  su r f ace  a t  sweep angles  from o0 t o  50° and t o t a l  
p re s su re  surveys i n  t he  boundary l a y e r  a t  a sweep angle of 30° f o r  angles  of 
a t t a c k  from -12O t o  oO. 

I t  was found t h a t  sweep caused premature t r a n s i t i o n  on the  wing under 
c e r t a i n  condi t ions .  

A method i s  presented f o r  t he  r ap id  computation of  crossflow Reynolds num- 
be r  on any swept sur face  f o r  which t h e  pressure  d i s t r i b u t i o n  i s  known. 
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540. Hyde, D. :  P ressure  and Boundary Layer Measurements on a Tapered Swept Wing 
i n  F l i g h t .  C.P. No. 560, B r i t i s h  A.R.C. ,  1961. 

Pressure and boundary-layer measurements were made i n  f l i g h t  on a f u l l  
s c a l e  swept half-wing mounted a s  a d o r s a l  f i n  on the  mid fuse lage  of an Avro 
Lancaster a i r c r a f t .  A Reynolds number range of 0.88 x l o 6  t o  1.86 x l o 6  p e r  
f o o t  was a v a i l a b l e .  The tapered  wing had a semi-span o f  102.5 i n .  and an aspect 
r a t i o  of 2.87; t h e  q u a r t e r  chord sweep was 40° and the  symmetrical s e c t i o n  was 
RAE 102, of 8% thickness/chord r a t i o  along wing. 

Comprehensive s t a t i c  p re s su re  measurements were recorded over  a nominal 
incidence range of o0 t o  lo0.  A t  mid semi-span and zero incidence,  t h e  measured 
chordwise p re s su re  d i s t r i b u t i o n  compared we l l  wi th  theory.  The nondirnensional 
chordwise and spanwise loadings were i n  c lo se  agreement with ~Gchemann's pre-  
d i c t i o n s ,  b u t  the  experimental l i f t  curve s lope was 6% g r e a t e r  than t h e  theo- 
r e t i c a l  value.  

From the  boundary-layer r e s u l t s  t h e  p o s i t i o n s  of  t he  t r a n s i t i o n  f r o n t s  were 
deduced. No laminar flow was obtained on e i t h e r  su r f ace  a t  t he  h i g h e s t  Reynolds 
number of 1.86 x l o 6  and g r e a t e r  a t  a l l  t e s t  Reynolds numbers. 



The secondary flow Reynolds number corresponding t o  t h e  o n s e t  of  sweep 
i n s t a b i l i t y  was found t o  be i n  t h e  range 80<N<133; Owen's p r ed i c t ed  c r i t i c a l  
value i s  125. 
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541. P indar ,  A.  C .  S . ;  and Collingbourne, J. R . :  P ressure  P l o t t i n g  and Balance 
Measurements i n  t h e  High Speed Wind Tunnel on a Half-Model of  a 90-deg- 
Apex Del ta  Wing With Fuselage.  R. & M .  No. 2844, B r i t i s h  A.  R.C. , 1954. 

Tes t s  were made a t  a Reynolds number of 1 . 8  x 106 and Mach numbers up t o  
0.93. The wing t i p  was cropped t o  a t a p e r  o f  1/7 and the  wing s e c t i o n  was 
RAE 102, symmetrical,  10 p e r  c e n t  thickness/chord a t  35 p e r  c e n t  chord. 

Form drag  i s  h igh ly  l o c a l i s e d  nea r  t h e  r o o t  a t  low speed. Above M = 0.88, 
rearward movement o f  t h e  s t r o n g  shock causes  a r a p i d  r i s e  of  d rag  a t  a l l  
s e c t i o n s .  

Spanwise load ing  a t  low inc idence  i s  c l o s e  t o  p o t e n t i a l  theory f o r  wing 
without  body up t o  M = 0.9. A t i p  s t a l l  occurs  a t  M 3 0.9 f o r  a = 3.65 deg and 
a t  M > 0.8 f o r  a = 7.7 deg, and causes  a nose-down moment. Overa l l  l i f t  s l ope  
a t  low CL's i n c r e a s e s  t o  a maximum a t  about  M = 0.89,  then f a l l s  o f f  wi th  s i g n s  
of  a recovery a t  M = 0.92. 

Local aerodynamic c e n t r e s  a t  low CL agree  wi th  p o t e n t i a l  theory f o r  wing 
a lone  a t  low speeds,  b u t  move backwards beyond M = 0.8. The o v e r a l l  aerodynamic 
c e n t r e  f o r  t h e  wing moves back about  10 p e r  c e n t  mean chord by M = 0.92. 

There i s  a l o s s  o f  e levon power f o r  angles  up t o  -5 deg above M = 0.92, 
a s  found on a complete model a t  lower Reynolds number. 

Author 
A v a i l a b i l i t y :  

N78-78485 
N-36094 

542. Carlson,  J. C.  : I n v e s t i g a t i o n  of  t h e  Laminar Flow Control  C h a r a c t e r i s t i c s  
o f  a 33O Swept Suc t ion  Wing a t  High Reynolds Numbers i n  t h e  NASA Ames 
12-Foot Pressure  Wind Tunnel i n  August 1965. NOR-66-58, Northrop Corp. , 
Jan .  1966. 
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Discussion of  r e s u l t s  from f l i g h t - t e s t i n g  t h e  laminar  flow c o n t r o l  (LFC) 
system on t h e  X-21 a i r c r a f t .  I t  i s  concluded t h a t  (I) t h e  a t ta inment  of  low 
drag  a t  l eng th  Reynolds numbers t o  t he  o r d e r  of  47 mi l l i on  demonstrates t he  
t e c h n i c a l  f e a s i b i l i t y  of laminar flow f o r  a i r c r a f t  a s  l a r g e  a s  any of  t h e  p re s -  
e n t l y  planned l o g i s t i c  t ypes ,  ( 2 )  repea ted  f l i g h t  demonstrations or' p r e d i c t e d  
performance i n d i c a t e  s a t i s f a c t o r y  LFC des ign  and a n a l y s i s  t echniques ,  (3 )  LFC 
causes  no adverse o r  unusual handl ing c h a r a c t e r i s t i c s  and r e q u i r e s  no new p i l o t  
s k i l l s ,  (4 )  an LFC a i r c r a f t  can maneuver a s  normally r equ i r ed  f o r  l a r g e  t r a n s -  
p o r t s  under a i r  t r a f f i c  c o n t r o l  without  l o s s  o f  laminar a r e a ,  (5 )  proximity t o  
o r  . en t ry  i n t o  clouds o r  atmospheric tu rbulence  degrades laminar  performance, 
( 6 )  laminar  flow t o l e r a t e s  normal v a r i a t i o n s  i n  chordwise s u c t i o n  d i s t r i b u t i o n ,  
a l t i t u d e ,  a i r s p e e d ,  and l i f t  c o e f f i c i e n t ,  and (7)  p r a c t i c a l  manufacturing tech-  
n iques  meet design c r i t e r i a  covering su r f ace  i r r e g u l a r i t i e s .  

A v a i l a b i l i t y  : 
A66 -34949 

544. Zozulya, V. B . ;  and Cheranovskiy, 0 .  R . :  Control  of  Laminar Flow P a s t  a  
Wing i n  Free F l i g h t .  F lu id  Mech. - Sov ie t  Res. , vol .  2 ,  no. 5 ,  Sept .  - 
Oct. 1973, pp. 16-20. 

I t  i s  shown as  a  r e s u l t  of  i n v e s t i g a t i n g  c h a r a c t e r i s t i c s  of  t h e  laminar  
v e l o c i t y  d i s t r i b u t i o n  i n  f r e e  f l i g h t  t h a t ,  due t o  smallness  of  t he  d i s tu rbances  
a c t i n g  i n  f r e e  f l i g h t  a s  compared wi th  a  wind tunne l ,  t he  laminar  p a r t  of  t h e  
boundary l a y e r  i s  l a r g e r  and, a s  a  r e s u l t ,  t he  form drag  i s  sma l l e r .  Hence t h e  
use of  s u c t i o n  i n  f r e e  f l i g h t  r e q u i r e s  a  sma l l e r  suc t ion  r a t e  f o r  ob t a in ing  t h e  
same s i z e  o f  t h e  laminar zone. 
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545. F r i ck ,  Charles  W . ,  Jr.; and McCullough, George B . :  Tes t s  o f  a  Heated Low- 
Drag A i r f o i l .  NACA ACR, 1942. 

The r e s u l t s  o f  an experimental  i n v e s t i g a t i o n  of  an NACA 65,2-016 hea ted  wing 
a r e  presen ted .  The tes t  d a t a  show the  fol lowing:  

1. The chordwise d i s t r i b u t i o n  o f  h igh  s k i n  temperatures  normal f o r  h e a t  
de- ic ing can be ob ta ined  with n e g l i g i b l e  e f f e c t  e i t h e r  on the  drag  c o e f f i c i e n t s  
i n  t h e  low-drag Reynolds-number range o r  on t h e  maximum Reynolds number a t  which 
low drag  i s  obtained.  

2 .  D i s t r i b u t i o n  of  h e a t  a long t h e  chord r e s u l t i n g  i n  high temperatures  near  
t he  minimum p re s su re  p o s i t i o n  w i l l  r e s u l t  i n  bo th  an i nc rease  i n  t he  minimum 
drag  c o e f f i c i e n t s  and a  marked reduc t ion  i n  t h e  Reynolds-number range over  which 
low drag  occurs .  This  marked reduc t ion  of  t h e  c r i t i c a l  Reynolds number occurs  
because t h e  decrease  i n  t h e  s t a b i l i t y  o f  the  laminar boundary l a y e r  promotes 
e a r l i e r  t r a n s i t i o n  t o  t u rbu len t  flow. 



The t e s t s  were made p r imar i ly  t o  f i n d  what changes would be experienced i n  
the minimum drag c h a r a c t e r i s t i c s  of t he  wing with h e a t  de-icing, and t o  compare 
these e f f e c t s  with the  r e s u l t s  of t e s t s  of a  low-drag wing equipped with rubber  
de- icing boots .  
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546. Bussmann: Experimentelle und Theoret ische Untersuchungen an Laminar- 
p r o f i l e n .  TPA 3/TIB Transl .  No. GDC 10/1751 T, B r i t i s h  Min. Supply, 
1942. 

Measurements of t h e  l i f t ,  drag,  p re s su re  d i s t r i b u t i o n  and p o i n t  of  con- 
vers ion  of the  laminar  i n t o  tu rbu len t  flow were c a r r i e d  o u t  on s i x  laminar  pro- 
f i l e s  of  1 and 2 m. wing chord. The h i g h e s t  Reynolds number reached was 

5 = 6 , 8. l o 6 .  The measurements were c a r r i e d  o u t  i n  t he  wind tunnel  of  t h e  
V 

Aerodynamical I n s t i t u t e  of the  Brunswick Technical College ( 1 , 2  m. j e t  diameter) 
and i n  t he  wind tunnel  A . l  of t h e  Hermann ~ o r i n g  Aeronaut ical  Laboratory (2 ,5  m. 
j e t  diameter)  ; i n  p a r t i c u l a r  comparative measurements of t he  same p r o f i l e s  were 
a l s o  c a r r i e d  ou t  i n  t h e  two wind tunnels .  Some of the  p r o f i l e s  under i n v e s t i -  
ga t ion  were American laminar p r o f i l e s ,  some of our  own p r o f i l e s  with t h e  pos i -  
t i o n  of  maximum th ickness  extremely f a r  back. The purpose of t he  i n v e s t i g a t i o n s  
was p a r t l y  t o  i n v e s t i g a t e  the  American p r o f i l e s  more c lose ly ,  and p a r t l y  t o  
e s t a b l i s h  whether t he  r i s e  i n  t he  drag c o e f f i c i e n t s  cwp over  Re a t  h igh  Reynolds 
numbers, known from e a r l i e r  measurements and c a l c u l a t i o n s ,  may be avoided by 
p l ac ing  t h e  p o s i t i o n  of maximum th ickness  very f a r  back. Running p a r a l l e l  wi th  
the measurements, t h e o r e t i c a l  c a l c u l a t i o n s  were c a r r i e d  o u t  f o r  t h e  v e l o c i t y  
d i s t r i b u t i o n ,  the  boundary l a y e r  and the  beginning of the  conversion from the  
laminar t o  t he  tu rbu len t  s t a t e .  One of t he  p r o f i l e s  was i n v e s t i g a t e d  a l s o  w i t h  
i n t e r f e r e n c e  wire and showed the  high s e n s i t i v i t y  o f  the  laminar p r o f i l e s  t o  
roughne s s e s  of  t he  s u r f  ace.  

P a r t  of the  i n v e s t i g a t i o n s  d e a l t  wi th  i n  t h e  p r e s e n t  r e p o r t  were descr ibed  
i n  a  paper read by H .  Sch l i ch t ing  a t  the  Conference of t he  L i l i e n t h a l  
Gese l l s cha f t ,  - Airscrew Sect ion - i n  ~ o t t i n g e n  on 19.3.1942. 
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547. Richards,  E. J.; Walker, W .  S . ;  and Taylor ,  C.  R . :  Wind-Tunnel Tes ts  on a  
30 Per  Cent. Suct ion Wing. R. & M. No. 2149, B r i t i s h  A . R . C . ,  1945. 

Tes ts  c a r r i e d  o u t  on a  16 p e r  cen t .  suc t ion  wing have shown t h a t  i t  i s  
impossible t o  maintain laminar flow a f t  o f  t he  suc t ion  s l o t  a t  high Reynolds 
numbers, because of the  dynamic i n s t a b i l i t y  of  t he  laminar l a y e r  over  t h e  con- 
cave su r f ace .  A s  a  r e s u l t  of t h i s  f i nd ing  it was concluded t h a t  compared w i t h  a  
normal low-drag wing very l i t t l e  was t o  be gained by t h i s  means on wings of  
normal thickness-chord r a t i o  except  a t  very high Reynolds numbers. Since how- 
eve r  t he  maximum thickness-chord r a t i o  allowable on low-drag wings i s  of the  



orde r  of  18 t o  20 p e r  c e n t . ,  it was r e a l i s e d  a t  once t h a t  a cons iderab le  ga in  
could be obtained from t h e  new des igns  by v i r t u e  o f  t he  f a c t  t h a t  t he re  appeared 
t o  be no l i m i t  t o  the  thickness-chord r a t i o s  a l lowable on t h i s  type  o f  wing and 
t h a t  wing thickness-chord r a t i o s  of  30-40 p e r  cen t .  could be used which would 
give low drags  and high maximum l i f t s .  

I t  was f u r t h e r  shown i n  t h e  16 p e r  cen t .  t e s t s  t h a t  t he  amount o f  suc t ion  
necessary i f  t r a n s i t i o n  could n o t  be delayed t o  t he  s l o t ,  and t h e  q u a n t i t y  o f  
a i r  t h a t  needed removal from t h e  boundary l a y e r  were n o t  changed t o  any g r e a t  
e x t e n t ;  thus  t h e  scheme appeared promising even i n  t h e  absence o f  ex tens ive  
laminar  flow because of  t h e  s t r u c t u r a l  and s to rage  ga ins  ob ta ined  thereby.  

The p r e s e n t  paper  d e s c r i b e s  t e s t s  c a r r i e d  o u t  i n  t h e  Nat iona l  Phys ica l  
Laboratory 13  f t .  x 9 f t .  Wind Tunnel a t  Reynolds numbers between 0 .8  and 
3 m i l l i o n s  on such a 30 p e r  cen t .  suc t ion  wing t o  determine whether t h e  s u c t i o n  
p r i n c i p l e  is s a t i s f a c t o r y  and t o  i n v e s t i g a t e  t h e  gene ra l  c h a r a c t e r i s t i c s  o f  t he  
wing. Ordinates  a r e  given i n  Table 1, while Figure 1 g ives  t h e  a e r o f o i l  p r o f i l e .  
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548. Gregory, N . ;  and Walker, W. S . :  Fu r the r  Wind Tunnel Tes t s  on a 30 Per  
Cent. Symmetrical Suc t ion  Aerofo i l  With a Movable Flap.  R. & M. 
No. 2287, B r i t i s h  A.R.C. ,  1950. 

The p r e s e n t  work was undertaken i n  o rde r  t o  extend t h e  e x i s t i n g  expe r i -  
mental information on t h e  30 p e r  cen t .  G r i f f i t h  suc t ion  a e r o f o i l  ob ta ined  by 
Richards,  Walker and Taylor (1945) , i n  p a r t i c u l a r :  

( a )  t o  i n v e s t i g a t e  t h e  behaviour  of  t h e  wing when t h e  f l a p  was d e f l e c t e d ,  

(b )  t o  test  a wider s l o t  and improved i n t e r n a l  duc t ing  system, 

( c )  t o  i n v e s t i g a t e  f u r t h e r  t h e  v a r i a t i o n  of  suc t ion  q u a n t i t y  wi th  speed, 
and 

(d)  t o  f i n d  the  v a r i a t i o n  of  CD with suc t ion  q u a n t i t y  and wi th  d i f f e r e n t  
su r f ace  cond i t i ons .  

Tes t s  with zero s u c t i o n  were c a r r i e d  o u t  a t  a Reynolds number of  2.88 x lo6 
f o r  a range of incidence of  0-20 deg. and f o r  f l a p  angles  of  0-14 deg. With 
boundary l a y e r  suc t ion  app l i ed ,  tests were c a r r i e d  o u t  a t  t h i s  Reynolds number 
t o  6 deg. inc idence  only,  owing t o  i n s u f f i c i e n t  suc t ion  head. A t  a Reynolds 
number of 0.96 x l o 6  t h e  pump power was s u f f i c i e n t  t o  prevent  s e p a r a t i o n  up t o  
an incidence of  16 deg. 

The f l a p  i s  e f f e c t i v e  a s  a h i g h - l i f t  device.  There i s  cons iderab le  s c a l e  
e f f e c t  p r e s e n t  between t h e  two speeds a t  which t e s t s  were made, and it i s  d e s i r -  
ab l e  t o  t e s t  t he  wing i n  t he  Compressed A i r  Tunnel i n  o r d e r  t o  e s t ima te  f l i g h t  
performance, p a r t i c u l a r l y  i n  t h e  event  of  suc t ion  f a i l u r e .  The suc t ion  q u a n t i t y  
i s  high a t  R = 0.96 x l o 6  b u t  now shows a continuous decrease with i n c r e a s e  of  



Reynolds number i n  c o n t r a s t  t o  t he  i r r e g u l a r  v a r i a t i o n  found by Richards.  With 
no s u c t i o n  and wi th  laminar flow t o  t h e  s l o t ,  t h e  CD has t h e  low va lue ,  f o r  t h e  
t h i cknes s  of t h e  a e r o f o i l ,  of  0.010. 
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549. Richards,  E . J. ; and Burge , C. H . : An Aerofo i l  Designed To Give Laminar 
Flow Over t h e  Whole Surface With Boundary-Layer Suc t ion .  R. & M. 
No. 2263, B r i t i s h  A.R.C. ,  1949. 

A new type  o f  a e r o f o i l  i s  descr ibed  over  t h e  whole of  which it i s  p o s s i b l e  
t o  main ta in  laminar  flow by means of  a small  amount o f  boundary-layer suc t ion .  
Pre l iminary  smal l  s c a l e  experiments a t  Reynolds numbers o f  about  0.37 x lo6 show 
t h a t  t h e  mass flow it is necessary  t o  remove by suc t ion  i s  l e s s  than t h a t  i n  t h e  
laminar  boundary l a y e r  a t  t h e  s l o t .  

On t h e  b a s i s  of these  smal l - sca le  experiments t he  e f f e c t i v e  drag  o f  t h i s  
a e r o f o i l  a t  a Reynolds number R is  e s t ima ted  t o  be approximately  OR-^/^. 
Thus a t  t h e  Reynolds numbers reached i n  p r e s e n t  day f l i g h t  ( say  25 x lo6)  an 
e f f e c t i v e  drag  c o e f f i c i e n t  o f  0.0012 may be expected. These f i g u r e s  a r e  a l l  
s u b j e c t  t o  experimental  confirmation a t  h ighe r  Reynolds numbers. (This  a i r f o i l  
was designed from a sugges t ion  by D r .  A .  A.  G r i f f i t h s . )  
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550. Fage, A.  ; and Walker, W. S .  : Experiments on Laminar-Flow Aero fo i l  EQH 1260 
i n  t h e  William Froude Nat ional  Tank and t h e  13 f t .  x 9 f t .  and t h e  
9 f t .  x 7 f t .  Wind Tunnels a t  t h e  Nat ional  Phys ica l  Laboratory. 
R. & M. No. 2165, B r i t i s h  A.R.C. ,  1948. 

The purpose was t o  determine whether t h e  flow condi t ions  i n  t h e  William 
Froude Nat ional  Tank and t h e  new 1 3  f t .  X 9 f t .  and 9 f t .  x 7 f t .  t unne l s  a t  t h e  
Nat ional  Phys ica l  Laboratory a r e  s u f f i c i e n t l y  s teady  t o  a l low t h e  p r o p e r t i e s  o f  
laminar-flow a e r o f o i l s  t o  be i n v e s t i g a t e d  a t  high Reynolds numbers : and t o  
o b t a i n  information on the  behaviour of  laminar-flow a e r o f o i l  s e c t i o n  EQH 1260. 
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551. T rans i t i on  and Drag Measurements on t h e  Boulton Paul Sample of  Laminar-Flow 
Wing Construct ion.  R. & M. No. 2499, B r i t i s h  A . R . C . ,  1952. 

P re s ton ,  J. H . ;  and Gregory, N . :  P a r t  I - Measurements i n  t h e  13  x 9 f t  
Tunnel a t  t h e  N.P.L. 

Kember, K .  W . :  P a r t  I1 - Measurements i n  t he  No. 2 ,  11-1/2-ft Tunnel a t  
t h e  R.A.E. 

Pres ton ,  J, M. : P a r t  111 - Discussion of  Resul t s ,  and Note. 



A t  smal l  inc idences  l y i n g  between 22 deg and a t  Reynolds numbers up t o  
9 x 106, t h e  agreement between measurements made i n  both t unne l s  is  good. A t  

inc idences  of F3 and '4 deg t h e  t r a n s i t i o n  moves forward wi th  i nc rease  of  speed 
more r a p i d l y  i n  t he  R.A.E .  tunne l  than i n  t he  N.P.L, t unne l ,  and the  t r a n s i t i o n  
f r o n t  i s  cons iderab ly  more i r r e g u l a r  i n  t h e  R.A.E. t unne l ,  This  d i f f e r e n c e  
occurs  i n  s p i t e  of  t h e  apprec iab ly  l e s s  measured turbulence of t h e  R.A.E. t unne l ,  
which may be  expected t o  show up, on a wing with apprec iab le  waviness, nea r  t h e  
l i m i t  of t h e  low-drag range. 

I n  t h e  N.P.L. t unne l  t h e  t h e o r e t i c a l  low-drag CL range o f  k0.35 i s  main- 
t a i n e d  up t o  about R = 7 x l o 6  with t r a n s i t i o n  back t o  beyond 0 . 4 ~  (p re s su re  
minimum a t  0 . 4 5 ~ ) .  I n  t he  R.A.E. t unne l ,  t he  corresponding R is  s l i g h t l y  l e s s .  
The low-drag range dec reases  a s  R i s  increased  u n t i l ,  a t  R = 15 x l o 6  i n  t h e  
R.A.E. t unne l ,  t he  low-drag range of  inc idence  is  only  +1 deg. This  r educ t ion  
is  a t t r i b u t e d  t o  waviness of  t h e  model, exaggerated by t h e  tu rbulence  of t h e  
t unne l  stream. Neverthe less t h e  wing, cons ider ing  i ts  waviness,  has  performed 
remarkably wel l  i n  bo th  t unne l s ,  e s p e c i a l l y  when compared wi th  prev ious  models 
of  lower waviness. This  i s  p u t  down t o :  

( a )  Absence of  any s k i n  j o i n t  (except  a t  t h e  l ead ing  edge) i n  r eg ions  where 
laminar flow i s  expected.  

(b)  The g r e a t e r  t h i cknes s  of  t h e  a e r o f o i l  (18 p e r  cen t )  and t h e  moderate 
amount ( 0 . 4 5 ~ )  of  laminar flow aimed a t ,  both of which c o n t r i b u t e  t o  
t he  wide CL range of '0.35 and t h e  very s t r o n g  favourable  p re s su re  
g r a d i e n t s  a t  smal l  C L 1 s .  

( c )  The new evapora t ion  techniques f o r  determining t h e  t r a n s i t i o n  ' f r o n t '  , 
which enable  su r f ace  imperfec t ions  g iv ing  r i s e  t o  t u r b u l e n t  wakes t o  
be de t ec t ed  and removed, t hus  avoiding spu r ious ly  high d rag  readings.  

The minimum d rags  as measured i n  t h e  two tunne l s  a r e  i n  good agreement wi th  
each o t h e r ,  and a l s o  wi th  t h e o r e t i c a l  p r e d i c t i o n s  u s ing  t h e  measured t r a n s i t i o n  
p o i n t s  over  a range o f  Reynolds number o f  2.5 t o  15 m i l l i o n s .  

A t unne l - f l i gh t  comparison on a wing o f  t h i s  t h i cknes s  designed f o r  a 
moderate amount of laminar  flow would be very va luable .  I f ,  a s  t h e  p r e s e n t  
r e s u l t s  i n  t he  R.A.E. tunne l  sugges t ,  some r e l a x a t i o n  of  t h e  waviness r equ i r e -  
ments may be p o s s i b l e  on such wings, then t h e r e  i s  a hope o f  p r e s e n t  s t anda rds  
of  cons t ruc t ion  a t t a i n i n g  laminar  flow on such s e c t i o n s  without  r e s o r t  t o  
f i l l i n g .  

T rans i t i on  phenomena need t o  be s t u d i e d  f u r t h e r  i n  r e l a t i o n  t o  waviness,  
and more a t t e n t i o n  needs t o  be p a i d  t o  t h e  form and number o f  waves i n  add i t i on  
t o  t h e  amplitude when cons ider ing  means o f  reducing t h e  curva ture  gauge 
read ings .  
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552. Pres ton ,  J. H . ;  Walker, W. S . ;  and Taylor ,  C.  R. : The E f f e c t  on Drag o f  
t he  E jec t ion  of  A i r  From Backward-Facing S l o t s  on a 16.2 Per  Cent. 
G r i f f i t h  Aerofo i l .  R. & M .  No. 2108, B r i t i s h  A . R . C . ,  1946. 

Drag measurements were made f o r  t h r e e  condi t ions  of  wing su r f ace  and 
var ious  va lues  of CQ f Q p e r  f t .  run/Uo.c, f o r  a i r  e j e c t e d  from two s i z e s  o f  
backward-facing s l o t s  (0.14 i n .  and 0.08 i n . )  l oca t ed  a t  t h e  p o s i t i o n  of  t h e  
d i s c o n t i n u i t i e s .  The Reynolds number o f  t h e  tests was R = 2.3 x lo6  and t h e  
incidence was 0 deg. 

To prevent  s epa ra t i on  by blowing, about 25 times t h e  a i r  necessary  t o  p r e -  
ven t  s epa ra t i on  by suc t ion  i s  requi red .  When sepa ra t i on  i s  prevented,  no compa- 
r a b l e  drop i n  CD occurs .  In  o r d e r  t o  o b t a i n  t h e  same CD a s  was ob ta ined  when 
sepa ra t i on  was j u s t  prevented by suc t ion ,  about  seven t imes a s  much a i r  must be  
e j e c t e d .  Hence, a s  regards  q u a n t i t y ,  t h e  suc t ion  scheme is by f a r  t h e  b e t t e r .  
On a power b a s i s ,  t h e  m e r i t s  of  t h e  two systems a r e  more d i f f i c u l t  t o  a s s e s s ,  
s i n c e  t h e o r e t i c a l l y  a l a r g e  p ropor t i on  of  t h e  a i r  e j e c t e d  t o  prevent  s e p a r a t i o n  
r e q u i r e s  no power. From a pu re ly  aerodynamic p o i n t  o f  view suc t ion  i s  t o  be  
p r e f e r r e d ,  a s  po t en t i a l - f l ow  condi t ions  over  t h e  r e a r  of  t h e  wing a r e  c l o s e l y  
a t t a i n e d .  With blowing t h i s  i s  n o t  s o  l i k e l y  t o  be t h e  case  and cons iderab le  
form drag  may r e s u l t .  
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553. Braslow, A lbe r t  L.;  and Vi scon t i ,  F ioravante :  I n v e s t i g a t i o n  o f  Boundary- 
Layer Reynolds Number f o r  T rans i t i on  on an NACA 65(215)-114 A i r f o i l  i n  
t he  Langley Two-Dimensional Low-Turbulence Pressure  Tunne 1. NACA 
TN 1704, 1948. 

A low-turbulence wind-tunnel i n v e s t i g a t i o n  was made o f  an aerodynamically 
smooth NACA 65 (215) -114 a i r f o i l  having f a i r e d  su r f aces  back t o  37 p e r c e n t  chord 
t o  determine the  magnitude of t h e  boundary-layer Reynolds number a t  var ious  p o s i -  
t i o n s  of t r a n s i t i o n  from laminar  t o  t u r b u l e n t  flow a long  both a i r f o i l  su r f aces .  
I n  a d d i t i o n  t o  boundary-layer measurements, va lues  o f  t h e  s e c t i o n  drag  c o e f f i -  
c i e n t  were ob ta ined  by means of t h e  wake-survey method. 

from 
c e n t  

The boundary-layer Reynolds number ( ~ 6 , ~ )  was found t o  vary i n  magnitude 

approximately 6700 t o  8000 a t  p o s i t i o n s  of  t r a n s i t i o n  ranging from 50 p e r -  
chord t o  25 pe rcen t  chord; t h e  va lues  o f  

R6cr were based on the  boundary- 

l a y e r  t h i cknes s  6 ,  which i s  def ined  a s  t he  d i s t ance  from t h e  a i r f o i l  s u r f a c e  t o  
a p o i n t  wi th in  t h e  boundary l a y e r  where t he  v e l o c i t y  i s  equa l  t o  0.707 o f  t h e  
v e l o c i t y  a t  t h e  o u t e r  edge of  t h e  boundary l a y e r .  The r e s u l t s  i nd i ca t ed ,  how- 
e v e r ,  t h a t  f o r  a smooth and f a i r e d  low-drag-type a i r f o i l  ope ra t i ng  i n  t h e  low- 
drag range i n  an a i r  s t ream of  low turbulence ,  t r a n s i t i o n  p o i n t s  and drag  c o e f f i -  
c i e n t s  may be es t imated  wi th in  approximately 7 pe rcen t  chord and 0.0003, 
r e s p e c t i v e l y ,  of  t h e  a c t u a l  va lues  by assuming a cons t an t  value of R6cr o f  8000. 
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554, Glauer t ,  M.  B . ;  Walker, W. S.;  and Raymer, W. G . :  Wind Tunnel Tes t s  on a  
Thick Suct ion Aerofoi l  With a  S ingle  S l o t .  Rep. No. F . M ,  1150, B r i t i s h  
N.P.L., Sept .  8 ,  1947. 

This r e p o r t  desc r ibes  t he  pre l iminary  two-dimensional wind tunnel  t e s t s  
c a r r i e d  o u t  i n  t h e  N.P.L, 1 3  f t .  x 9 f t .  wind tunnel  on a  31.5% th i ck  suc t ion  
a e r o f o i l ,  GLAS 11, which has a  s i n g l e  s l o t  on the  upper su r f ace  a t  69% chord. 
A backward-facing s l o t  was f i t t e d  s o  t h a t  both suc t ion  and blowing could  be used 
t o  prevent  s epa ra t ion .  L i f t ,  drag, p i t c h i n g  moment, and the  flow through t h e  
s l o t  were measured. Tes ts  without  suc t ion  were made a t  Reynolds numbers of 0.96 
and 2.88 mi l l i ons .  The r e s u l t s  a t  t he  two Reynolds numbers were markedly d i f -  
f e r e n t ,  and a t  t h e  h igher  speed widely varying values of  t h e  d rag -coe f f i c i en t  
were recorded i n  t h e  same condi t ions ,  t h e r e  apparent ly be ing  seve ra l  p o s s i b l e  
r&gimes of flow. With suc t ion ,  the  pump power a v a i l a b l e  only enabled t e s t s  t o  
be made a t  the lower Reynolds number, and with t h e  boundary l a y e r  on t h e  upper 
su r f ace  laminar t o  t h e  s l o t .  A t  low inc idences  suc t ion  q u a n t i t i e s  agree ing  w e l l  
with t h e o r e t i c a l  e s t ima te s  s u f f i c e d  t o  maintain unseparated flow, b u t  a t  h ighe r  
incidences the  flow tended t o  break down. Three o r  fou r  t imes a s  much suc t ion  
was requi red  a t  a l l  inc idences  t o  make the  separa ted  flow readhere.  With 
blowing, s t i l l  l a r g e r  q u a n t i t i e s  were necessary,  b u t  t h e  spanwise d i s t r i b u t i o n  
of t h e  flow from the  ' s l o t  was unsa t i s f ac to ry .  

I t  i s  planned t o  modify the i n t e r n a l  duc t ing  t o  reduce the  l o s s e s ,  and 
a l s o  t o  f i t  a  s l o t  wi th  a  rounded e n t r y  i n s t e a d  of a  sha rp  beak t o  t h e  f r o n t  
l i p .  I t  i s  hoped t h a t  these  changes w i l l  cure  o r  a t  l e a s t  reduce t h e  i n s t a -  
b i l i t y  and h y s t e r e s i s  observed when sucking, and w i l l  a l s o  enable t he  t e s t s  t o  
be extended t o  cover  t he  cases  i n  which t h e r e  i s  a t u rbu len t  boundary l a y e r  on 
the  upper su r f ace  i n  f r o n t  of the  s l o t .  (This  r e p o r t  i nc ludes  the  Ordinates  
f o r  t he  GLAS I1 a e r o f o i l . )  
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555. Wal l i s ,  R. A. :  On  rans sit ion Along a  Glass P l a t e  W i t h  an Approximate 
Glas I1 Pressure  D i s t r ibu t ion .  Aerodyn. Tech. Memo. 78, Aeronaut. Res. 
Labs., k p .  Supply and Develop.  elbo bourne), Dec. 1949. 

I n  connection with t h e  development of  t h e  Glas I1 a e r o f o i l  f o r  f l i g h t  
t e s t i n g  ~ t c p e r  c a r r i e d  o u t  t e s t s  on t r a n s i t i o n  along a  g l a s s  p l a t e .  The p re s -  
sure  d i s t r i b u t i o n  corresponded t o  t h e  Glas I1 d i s t r i b u t i o n  except  nea r  the  
leading  edge. The o b j e c t  of  t he  t e s t s  was t o  determine, f o r  laminar l aye r s ,  
the  e f f e c t  of a  favourable  pressure  g rad ien t  i n  damping o u t  d i s turbances  c r e a t e d  
by waviness, f l i e s ,  e t c .  Resul t s  ob ta ined ,  however, were very d isappoin t ing  and 
a s  a  consequence Williams cont inued the  i n v e s t i g a t i o n s ,  no t ing  t h a t  t h e  p o s i t i o n  
of t he  s t agna t ion  p o i n t  a f f e c t e d  the  r e s u l t s  t o  a  l a r g e  e x t e n t  and sugges t ing  
t h a t  the  l o c a t i o n  of the  t r a n s i t i o n  p o i n t  was probably inf luenced  by the  shape 
of the  leading  edge and tunnel  turbulence.  The o b j e c t  of  t he  p r e s e n t  i nves t iga -  
t i o n  was t o  determine t h e  cause of t r a n s i t i o n .  



It  was from a  s t a b i l i t y  p o i n t  of  view t h a t  the  p r e s e n t  t e s t s  were c a r r i e d  
ou t .  The e x i s t i n g  t e s t  set-up proved very unsu i t ab l e  f o r  t h e  t a sk  f o r  which i t  
was in tended .  Tunnel modi f ica t ions  w i l l  be c a r r i e d  o u t  t o  c l a r i f y  t h e  p o s i t i o n  
f u r t h e r .  
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556. S a l t e r ,  C.; Miles,  C. J. W . ;  and Owen, R . :  Tes t s  on a  Glas I1 Wing Without 
Suc t ion  i n  t h e  Compressed A i r  Wind Tunnel. R. & M. No. 2540, B r i t i s h  
A.R.C., 1951. 

Resul t s  a r e  given of  an i n v e s t i g a t i o n ,  wi thout  t h e  a p p l i c a t i o n  o f  s u c t i o n ,  
i n t o  t h e  l i f t ,  d r ag  and p i t c h i n g  moment o f  an a e r o f o i l  o f  31.5 p e r  cen t  
thickness/chord r a t i o  designed s p e c i f i c a l l y  f o r  use w i t h  a  s i n g l e  suc t ion  s l o t  
a t  0 . 6 9 ~  from t h e  l e a d i n g  edge. 

The o b j e c t  of  t h e  t e s t s  was p r i m a r i l y  t he  e s t ima t ion  o f  t h e  behaviour  o f  
the  wing a t  h igh  Reynolds numbers i n  t h e  even t  of  t he  f a i l u r e  of  t h e  s u c t i o n ,  
b u t  i t  was a l s o  hoped t o  ob t a in  information concerning some reasonable  method o f  
counter ing  any s e r i o u s  e f f e c t s  t h a t  might a r i s e .  

Consequently, t he  t a i l  of  t h e  a e r o f o i l  was hinged t o  form an u n s l o t t e d  main 
f l a p  and f i t t e d  wi th  a  de tachable  s p l i t  f l a p .  Tes t s  w e r e  a l s o  made wi th  a  
s l o t t e d  main f l a p .  The Reynolds number range extended from 0 . 3  x 106 t o  
7.3 x 106. 

C r i t i c a l  reg ions  were observed and t h e  s c a l e  e f f e c t s  were found t o  be l a r g e .  

The in f luence  of  t h e  f l a p s  was gene ra l l y  more o r  l e s s  normal, a l though t h e  
i nc rease  i n  CL max was l e s s  than h a l f  t h a t  f o r  a  convent ional  a e r o f o i l  o f  
s i m i l a r  thickness/chord r a t i o ,  t h e  NACA 0030. 

The e f f e c t  o f  t h e  s l o t  between t h e  main f l a p  and t h e  forward p o r t i o n  o f  t h e  
wing was found t o  be comparatively small .  
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557. Atkins ,  P. B . ;  and Keeble, T. S . :  Wind Tunnel T e s t s  o f  a  3'-Chord Two- 
Dimensional Glas I1 Aerofo i l  f o r  Comparison With F l i g h t  Tes t s .  Aero. 
Note 105, Aeronaut. Res. Labs. , Dep. Supply (Melbourne) , O c t .  1951. 

Boundary l a y e r  condi t ions  s i m i l a r  t o  those  found i n  f l i g h t  on an 8 ' -chord 
wing have been reproduced on a  3'-chord wind tunne l  model; t h e  l o c a l  s e p a r a t i o n  
j u s t  ahead of  t he  f r o n t  s l o t  observed on t h e  g l i d e r  occur red  on t h e  model, 
t oge the r  wi th  Laminar flow r i g h t  i n t o  t he  f r o n t  s l o t .  The i n t e r n a l  s l o t  l o s s  



c o e f f i c i e n t s  were a l s o  of the  same o rde r  a s  those found i n  f l i g h t .  The s l o t  
l o s s  depends upon the  Reynolds No. i n  t h e  s l o t  t h r o a t  i n  much t h e  same way a s  
the  f r i c t i o n  c o e f f i c i e n t  does i n  p ipe  flow, t he re  being a  t r a n s i t i o n  from 
laminar t o  t u r b u l e n t  flow a t  values of  Reynolds No. (based on twice t h e  s l o t  
width) between 1000 dnd 2000 depending on flow condi t ions  a t  e n t r y  t o  the  s l o t .  

A l t e r a t i o n s  made t o  t he  s l o t  l i p  p r o f i l e s  caused no s i g n i f i c a n t  reduct ion  
i n  pumping e f f o r t  t o  s t a b i l i s e  flow over  the r e a r  of t h e  a e r o f o i l ;  t h e  p l ac ing  
of a  t r a n s i t i o n  cord a t  5 0 % ~  had a  g r e a t e r  e f f e c t  than could be found i n  f l i g h t .  
I t  i s  p o s s i b l e  t h a t  had the  cord been p laced  i n  a  region of adverse g r a d i e n t  a  
more complete t r a n s i t i o n  of t he  flow would have r e s u l t e d .  

An i n t e r e s t i n g  change i n  s l o t  flow can be made by p l ac ing  a  wire  near  t h e  
s l o t  mouth b u t  n o t  on t h e  sur face  of t h e  model. 

A l l  t e s t s  were made a t  zero l i f t  inc idence ,  Rc = 2 . 1  x l o 6  and a wind 
speed of 110 f  .p .  s . 
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558. Dengate, R.; and Keeble, T. S . :  The Use of an Auxil iary Aerofo i l  To 
S t a b i l i s e  the  Flow on Glas I1 i n  the  Event of Suct ion Fa i lu re .  Aero. 
Note 104, Aeronaut. Res. Labs. , Dep. Supply (Melbourne) , Aug. 1951. 

I t  has been found poss ib l e  t o  maintain o rde r ly  flow over t he  r e a r  of t h e  
modified Williams Glas I1 p r o f i l e  wi thout  suc t ion  by p l ac ing  a  small  a u x i l i a r y  
a e r o f o i l  c lo se  t o  t he  su r f ace  near  0.70 C. 

The p re s su re  d i s t r i b u t i o n  over  t he  main a e r o f o i l ,  with suc t ion  o f f ,  can be 
made t o  approximate t o  t h a t  ob ta ined  normally with minimum suc t ion  appl ied ;  t he  
wake drag  of t h e  combination without  suc t ion  i s  l e s s  than the  minimum " t o t a l "  
drag of  main a e r o f o i l  a lone.  

The a u x i l i a r y  a e r o f o i l  incorpora ted  a  s l a t  t o  ob ta in  high l i f t  a t  low 
Reynolds Numbers; no s e r i o u s  development of  s impler  forms was attempted. 

This  device  might wel l  be used t o  maintain o rde r ly  flow over t h e  a i l e r o n s  
i n  emergency. 
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559. Atkins,  P .  B . ;  and Keeble, T. S . :  Tes t s  on a  3 '  Chord Two-Dimensional 
Model With a  Modified GLAS I1 P r o f i l e .  Aero. Note 102, Aeronaut. Res. 
Labs., Dep. Supply (Melbourne) , May 1951. 



Very s u b s t a n t i a l  reduct ions  i n  pump drag have r e s u l t e d  from t h e  modifica- 
t i o n  of a  t h e o r e t i c a l  p r o f i l e  developed by Williams; t he  sudden s t a l l  o f  t h e  
t h e o r e t i c a l  shape can a l s o  be avoided. With a  s i n g l e  s l o t  a t  7 0 % ~  the  minimum 
suc t ion  p re s su re  c o e f f i c i e n t  f o r  s t a b l e  flow i s  -0.65 and the  corresponding 
flow c o e f f i c i e n t  i s  0.0015 (CL = 0,  Rc = 1 .7  x  l o 6 ) .  

The modi f ica t ion  t o  the  p r o f i l e  has  induced an unfavourable p re s su re  
g rad ien t  i n  t h e  neighborhood of the  s l o t  which has ( a )  reduced the  p re s su re  
d i s c o n t i n u i t y  a t  the  s l o t  and (b)  caused t r a n s i t i o n  j u s t  ahead of t h e  s l o t ,  
which r e s u l t s  i n  a  g r e a t  improvement i n  s l o t  flow. The experiments on t h i s  
p r o f i l e  have i n d i c a t e d  the  main reason f o r  t he  discrepancy between suc t ion  
requirements found i n  p r e - f l i g h t  wind tunnel  t e s t s  and those i n  f l i g h t .  

The condi t ions  c o n t r o l l i n g  sepa ra t ion  and t r a n s i t i o n  of t he  laminar  l a y e r  
near  the  s l o t  on the  p re sen t  empi r i ca l  GLAS I1 sec t ion  r equ i r e  i n v e s t i g a t i o n  s o  
t h a t  t r a n s i t i o n  may be f ixed  a t  a  s u i t a b l e  p o i n t  ahead of  t h e  s l o t  independent ly 
of changes i n  model s c a l e  o r  f r e e  stream speed. 
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560. Atkins,  P. B . :  Prel iminary Wind Tunnel Tes ts  on a  Modified Glas I1 
Sect ion  Swept Back Wing. Aerodyn. Note 111, Aeronaut. Res. Labs.,  
Dep. Supply (Melbourne) , Sept .  1952. 

Prel iminary low speed wind tunnel  t e s t s  on a  l / lOth  s c a l e  model of  a  pro- 
jec ted  g l i d e r  with swept back suc t ion  wings have l e d  t o  a  considerable  modifi-  
ca t ion  of the  s e c t i o n  t o  produce s t r a i g h t  flow over t he  p r o f i l e  a t  incidence and 
t o  e l imina te  laminar s epa ra t ion  which occurred a t  t he  low Reynolds number o f  t h e  
t e s t .  

I n  the  course of  t he  development it was found t h a t  1/16" diameter s u c t i o n  
ho le s  cause turbulence which decays quick ly  i n  a  favourable  pressure  g r a d i e n t ,  
bu t  p e r s i s t s  f o r  7  o r  8 diameters i n  an unfavourable g rad ien t .  

The model i s  now being a l t e r e d  t o  the  new p r o f i l e  i n  prepara t ion  f o r  the  
measurement of t h e  aerodynamic c h a r a c t e r i s t i c s  i n  t h e  9 '  x  7 '  tunnel .  

The p r e s e n t  t e s t s  were made a t  a  wind speed of  85 f t / s e c .  ( R E  = 5.4 x 104) 
and a t  O0 and 7O inc idence .  
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561. Gregory, N . ;  Walker, W .  S . ;  and Raymer, W .  G . :  Wind-Tunnel Tests  on the  
30 Per  Cent. Symmetrical G r i f f i t h  Aerofoi1 With Ejec t ion  of A i r  a t  t he  
S l o t s .  R.  & M. No. 2 4 7 5 ,  B r i t i s h  A . R . C . ,  1952. 



I t  has been shown by Preston (1946) t h a t  e j e c t i o n  of a i r  a t  the  p o i n t  of 
v e l o c i t y  d i s c o n t i n u i t y  on a  16,2 p e r  cen t .  t h i ck  G r i f f i t h  suc t ion  a e r o f o i l  p re-  
vents  s epa ra t ion ,  and t h a t  i f  s u f f i c i e n t  a i r  i s  e j e c t e d ,  t he  drag i s  reduced. 
The p r e s e n t  t e s t s  were undertaken t o  apply t h i s  p r i n c i p l e  t o  t he  30 p e r  cen t .  
G r i f f i t h  a e r o f o i l  and t o  i n v e s t i g a t e  t he  e f f e c t  on l i f t  by p re s su re -p lo t t i ng  
the  a e r o f o i l .  

E j ec t ion  of a i r  was found t o  prevent  s epa ra t ion ,  b u t  about  66 p e r  cen t .  
more a i r  was requi red  than with suc t ion .  Three times the  suc t ion  q u a n t i t y  of  
a i r ,  when e j e c t e d ,  reduced the  drag  t o  t h e  low values a s soc i a t ed  with suc t ion .  

A t  R = 0.96 m i l l i o n s ,  t he  range of t h e  t e s t s  was 0-18 deg. incidence and 
0-14 deg. f l a p  angle.  A t  18 deg. incidence and 14 deg. f l a p  angle ,  a  CNF of 2 . 5  
was obta ined ,  g iv ing  approximately t h e  same l i f t - c u r v e  s lope  a s  with suc t ion .  
Above t h i s  angle  of inc idence ,  t h e  pump capac i ty  was n o t  l a r g e  enough f o r  
unseparated flow t o  be a t t a i n e d .  With sepa ra t ion  prevented,  t h e  p i t c h i n g  
moments were the  same a s  with suc t ion ,  b u t  the  hinge moments were s e n s i t i v e  t o  
small  changes of blowing quan t i t y .  

A t  R = 2.88 mi l l i ons ,  t he  pump capac i ty  was i n s u f f i c i e n t  t o  prevent  a  
p a r t i a l  s t a l l  a t  6  deg. incidence a s  occurred with suc t ion .  

Curves of CNF, CQ, CM, CHI CD and v e l o c i t y  d i s t r i b u t i o n  when blowing a r e  
given, and comparisons a r e  made wi th  corresponding curves obta ined  wi th  s u c t i o n  
and with no suc t ion .  The same l i f t  and p i t c h i n g  moments a r e  obtained a t  any 
incidence wi th  blowing and with suc t ion ,  b u t  t h e  suc t ion  q u a n t i t i e s  a r e  about 
40 p e r  cent .  l e s s  than t h e  blowing q u a n t i t i e s .  The hinge moments a r e  g r e a t l y  
d i f f e r e n t  wi th  blowing, and inc rease  wi th  inc rease  of  t h e  normal force .  
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562. Pearcey, H .  H . ;  and Rogers, E. W. E.:  The E f f e c t  of Compressibi l i ty  on 
the  Performance of a  G r i f f i t h  Aerofo i l .  R. & M. No. 2511, B r i t i s h  
A.R.C., 1953. 

Experiments have been made i n  t h e  20 i n .  x 8 i n .  High Speed Tunnel a t  t he  
National Phys ica l  Laboratory on a  9-in. chord, 22 p e r  cen t  t h i c k ,  symmetrical 
G r i f f i t h  s e c t i o n  a t  0  deg incidence.  Drag was determined by the  p i t o t  t r a v e r s e  
method. Information on the flow was obta ined  from t h e  p i t o t  tube t r a v e r s e s ,  
from d i r e c t  shadow photographs, and from normal p re s su re  measurements. Three 
Mach numbers of  t h e  undisturbed s t ream were covered, namely 0.4,  0.6 which i s  
j u s t  below the  t h e o r e t i c a l  c r i t i c a l ,  0.65, f o r  t he  s e c t i o n ,  and 0.7 a t  which 
shock waves were p re sen t .  Est imates  of t h e  power absorbed by t h e  compressor, 
ignor ing  duc t  l o s s e s ,  a r e  made from measurements of the  mass of  a i r  sucked and 
the  s t a t i c  p re s su re  i n  the  s l o t s .  Addit ional  information was obta ined  on the  
adverse e f f e c t  of a  l a rge  r ad ius  of t h e  forward l i p  o f  t he  s l o t ,  on the  e f f e c t  
a t  &, = 0 .4  sf an increase  i n  s l o t  width, and on the choke q u a n t i t i e s  f o r  t h e  
s l o t s .  



Below t h e  c r i t i c a l  Mach number, a t  t he  Reynolds numbers of  f l i g h t ,  t h e r e  i s  
l i k e l y  t o  be a saving o f  power, t h e  ga in  decreas ing  a s  the c r i t i c a l  Mach number 
i s  approached. For Mach numbers above t h e  c r i t i c a l  t h e  r e s u l t s  ob t a ined  a r e  
incomplete,  b u t  they i n d i c a t e  t h a t  modi f ica t ions  i n  t h e  design may be d e s i r a b l e  
f o r  t h e s e  speeds.  
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563. Cumrning, R. W . ;  Gregory, N . ;  and Walker, W .  S . :  An  I n v e s t i g a t i o n  o f  t h e  
Use o f  an Auxi l ia ry  S l o t  t o  Re-Establish Laminar Flow on Low-Drag 
Aero fo i l s .  R. & M. No. 2742, B r i t i s h  A . R . C . ,  1953. 

The use of an a u x i l i a r y  s l o t  on a laminar-flow a e r o f o i l  has  been i n v e s t i -  
ga ted  t o  check whether laminar  flow can be r e - e s t ab l i shed  by s u c t i o n  a t  t h e  
r e a r  o f  t h e  reg ion  o f  depos i ted  d i r t ,  f l i e s ,  e t c .  

Resu l t s  i n d i c a t e  t h a t  i n  t h e  absence o f  unfavourable p re s su re  g r a d i e n t s ,  i t  
i s  p o s s i b l e  t o  r e - e s t ab l i sh  a laminar  boundary l a y e r  by removing a l i t t l e  more 
than t h e  whole t u r b u l e n t  l a y e r  reaching  t h e  s l o t ,  and pre l iminary  e s t i m a t e s  sug- 
g e s t  t h a t  wi th  e f f i c i e n t  duc t ing  it should be p o s s i b l e  t o  achieve a r educ t ion  i n  
o v e r a l l  e f f e c t i v e  d rag  c o e f f i c i e n t  by t h i s  means. 

The a u x i l i a r y  s l o t  under i n v e s t i g a t i o n  was c u t  i n  t he  su r f ace  of  a sym- 
m e t r i c a l  low-drag a e r o f o i l  1 3  p e r  cen t  t h i c k  with maximum th i cknes s  a t  50 p e r  
cen t  chord. The model had a 5 - f t  chord and was mounted two-dimensionally i n  
the  N.P.L. 13  x 9 f t  Wind Tunnel. 
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564.  Wilkinson, Stephen P.: An Experimental I n v e s t i g a t i o n  of a Turbulent  
Boundary Layer With Suc t ion  Through Closely Spaced Streamwise S l o t s .  
M.S. Thesis ,  Old Dominion Univ., 1978. 

The o b j e c t  of  t h i s  r e sea rch  was t o  experimental ly  eva lua t e  a s u c t i o n  s u r -  
face  f o r  use with incompressible  t u r b u l e n t  boundary l a y e r s .  The su r f ace  con- 
s i s t e d  of  an a r r a y  o f  c l o s e l y  s p a c e d , s l o t s  a l i gned  i n  t h e  d i r e c t i o n  of t h e  f r e e  
s t ream flow. D i r e c t  d rag  and mean boundary l a y e r  v e l o c i t y  p r o f i l e  measurements 
showed t h a t  t h e  s l o t t e d  su r f ace  had nominally t h e  same s u c t i o n  c h a r a c t e r i s t i c s  
a s  t he  porous s u r f a c e .  
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565. Gregory, N . ;  Walker, W .  S . ;  and Devereux, A.  N . :  Wind-Tunnel Tes ts  on the  
30 Per  Cent Symmetrical G r i f f i t h  Aerofoi l  With Di s t r ibu ted  Suct ion Over 
the Nose. R.  & M. No. 2647, B r i t i s h  A . R . C . ,  1953, 

These experiments were devised t o  t e s t  the  e f f e c t  of d i s t r i b u t e d  suc t ion  
over  t he  leading  edge of the 30 p e r  cent  G r i f f i t h  s e c t i o n .  This r e p o r t  
desc r ibes  t e s t s  c a r r i e d  o u t  on the  30 p e r  cen t  G r i f f i t h  symmetrical a e r o f o i l  
with continuous suc t ion  appl ied  through a porous capping f i t t e d  over t h e  f r o n t  
15 p e r  c e n t  of t he  upper su r f ace .  Throughout the  range of incidence covered i n  
t he  experiments,  d i s t r i b u t e d  suc t ion  was found t o  decrease the  s l o t  suc t ion  
necessary t o  prevent  s epa ra t ion ,  e s p e c i a l l y  when the  d i s t r i b u t e d  suc t ion  caused 
rearward movement of t he  t r a n s i t i o n  pos i t i on .  

The p r o f i l e  drag of t he  a e r o f o i l  was measured, and e s t ima te s  were made of 
the  equ iva l en t  drag  c o e f f i c i e n t s  f o r  t h e  work done by the suc t ion  pumps. Assum- 
i n g  no l o s s e s  a d d i t i o n a l  t o  those  i n  the  boundary l a y e r ,  i t  was found t h a t  t he  
e f f e c t  of d i s t r i b u t e d  suc t ion  was t o  reduce s l i g h t l y  t h e  o v e r a l l  drag of t h e  
a e r o f o i l .  

Measurements of t h e  v e l o c i t y  wi th in  the  boundary l a y e r  were made a t  var ious  
chordwise p o s i t i o n s  on the  porous su r f ace ;  the  p r o f i l e s  recorded were very c l o s e  
t o  t h e  t h e o r e t i c a l .  D i s t r i bu ted  suc t ion  was ab le  t o  de lay  t r a n s i t i o n  when t h i s  
would otherwise be p r e c i p i t a t e d  by a r idge  on t h e  s u r f a c e ,  o r  by adverse p re s -  
su re  g rad ien t s ,  b u t  a t u r b u l e n t  boundary l a y e r  remained t u r b u l e n t  when suc t ion  
was app l i ed .  The c h a r a c t e r i s t i c  spread of t u rbu len t  flow i n  the  wake of a small  
p a r t i c l e  on the  su r f ace  was much reduced by d i s t r i b u t e d  suc t ion ;  under favour- 
ab l e  condi t ions ,  t he  wake was e n t i r e l y  e l imina ted .  
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566. Pfenninger ,  W . :  Experiments With Laminar Flow i n  a Two-Inch-Diameter 
40-Foot-Long Tube a t  High Reynolds Numbers. Rep. No. AM-128 (Cont rac t  
AF33(038)-11386), Northrop A i r c r a f t ,  I nc . ,  Dec. 20, 1950. 

Laminar flow experiments have been c a r r i e d  o u t  a t  high Reynolds numbers i n  
a two-inch-diameter 40-feet-long s t r a i g h t  tube. Externa l  d i s turbances  have 
been reduced by i n s t a l l i n g  a son ic  t h r o a t  a t  t h e  end of the  tube.  A honeycomb 
of small  mesh s i z e  and t h i r t e e n  damping screens  have been i n s t a l l e d  ahead of t he  
tube i n l e t .  

Laminar flow was observed i n  the  tube a t  high Reynolds numbers by means of 
a s te thoscope ,  and by boundary l a y e r  and pressure  d i s t r i b u t i o n  measurements 
along the  tube.  A maximum t r a n s i t i o n  Reynolds number, R e  Z 2900, (based on 
boundary l a y e r  momentum th ickness)  has been achieved, f o r  a s l i g h t l y  a c c e l e r -  
a t e d  flow, corresponding t o  a length  Reynolds number a t  t r a n s i t i o n  of 19 - l o 6 .  
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567. Pfenninger ,  W . :  Fu r the r  Laminar Flow Experiments i n  a 40-Foot-Long 2-Inch- 
Diameter Tube. Rep. No. AM-133 (Contract  No. 33 (038) -11386) , Northrop 
A i r c r a f t ,  I n c . ,  Feb. 20, 1951. 

This  r e p o r t  g ives  r e s u l t s  of  f u r t h e r  laminar flow experiments i n  a 40-foot- 
long 2-inch-diameter s t r a i g h t  tube ( s ee  e a r l i e r  Northrop Report AM-128). The 
test  s e t u p  was improved by c a r e f u l l y  a l i g n i n g  t h e  40-foot tube and t h e  s o n i c  
t h r o a t  a t  t h e  end of t h e  measuring tube.  Furthermore, f i n e r  damping sc reens  
were used a t  t h e  i n l e t  (0.0045-inch wire diameter  and 65% open a r e a ) .  The 
experiments were c a r r i e d  o u t  i n  t h e  same manner a s  those  i n  Northrop Report 
AM-12 8. 
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568. Pfenninger ,  W . :  Boundary Layer Suct ion Experiments With Laminar Flow i n  a 
Tube a t  High Reynolds Numbers With One Suc t ion  S l o t .  Rep. No. AM-134 
(Cont rac t  No. 33(038)-11386), Northrop A i r c r a f t ,  I n c . ,  Feb. 20, 1951. 

Boundary l a y e r  suc t ion  experiments have been c a r r i e d  o u t  i n  a laminar  flow 
tube c o n s i s t i n g  of a 20-foot o r  40-foot 2-inch-diameter s t r a i g h t  tube followed 
by a s l i g h t l y  expanding tube with e i g h t  suc t ion  s l o t s .  Suct ion was app l i ed  only 
i n  one s l o t  ( s l o t  1 o r  2 ) .  This  research  was c a r r i e d  o u t  i n  o r d e r  t o  answer t h e  
ques t ion :  " I s  i t  p o s s i b l e  t o  maintain laminar flow through a region o f  a 
p r e s su re  r i s e  a t  high Reynolds numbers by means o f  suc t ion  i n  s e v e r a l  s l o t s ? "  
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569. Pfenninger ,  W . :  Experiments With Laminar Boundary Layer Suct ion i n  a Tube 
a t  High Reynolds Numbers With E igh t  Suct ion S l o t s .  Rep. No. AM-141 
(Cont rac t  No. 33(038) -11376), Northrop A i r c r a f t ,  I n c . ,  May 1951. 

Boundary l a y e r  suc t ion  experiments have been c a r r i e d  o u t  i n  a laminar  flow 
tube c o n s i s t i n g  of  a 20-foot, two-inch diameter ,  s t r a i g h t  tube followed by a 
suc t ion  tube with e i g h t  s l o t s ,  wi th  suc t ion  i n  a l l  s l o t s .  Laminar flow could be 
maintained by means of  suc t ion  on the  whole tube a t  l eng th  Reynolds numbers of  
up t o  14.7 l o 6  through a p r e s s u r e  r i s e  o f  30% t o  60% of  t h e  p re s su re  d i f f e r -  
ence between s t agna t ion  p re s su re  and p re s su re  minimum. A t  lower Reynolds num- 
be r s  (12 l o6  length  Reynolds number) a laminar p re s su re  r i s e  of  80% of  t h e  
p re s su re  d i f f e r ence  between s t agna t ion  p re s su re  and minimum p re s su re  was 
observed, 
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570. Pfenninger ,  W . ;  and Meyer, W .  A. : Trans i t i on  Experiments i n  t he  I n l e t  
Length of Laminar Flow Tubes a t  High Reynolds Numbers and Small Ex te rna l  
Disturbances.  Summary of  Laminar Boundary Layer Control  Research, WADC 
Tech. Rep. 56-111, U.S. A i r  Force,  Apr. 1957, pp. 15-17. (Avai lab le  from 
DDC a s  AD 130 759.) 

During prev ious  laminar  flow experiments i n  2-inch I D  tubes ,  t r a n s i t i o n  
l eng th  Reynolds numbers had been measured. The purpose o f  t he  p r e s e n t  i n v e s t i -  
ga t i on  was t o  i n c r e a s e  t he se  va lues  by f u r t h e r  reducing e x t e r n a l  d i s tu rbances .  

Externa l  d i s tu rbances  w e r e  reduced by damping sc reens  a t  t h e  tube i n l e t  and 
by an improved son ic  t h r o a t  a t  t h e  end of t he  t e s t  tube ahead o f  t h e  compressor. 
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571. Pfenninger ,  W . ;  and Meyer, W .  A. :  T rans i t i on  Experiments i n  t he  I n l e t  
Length of  a 1-Inch I . D .  Tube a t  High Reynolds Numbers and Low Turbulence. 
Rep. No. BLC-24, Northrop A i r c r a f t ,  Inc.  , Nov. 1953. (Avai lab le  from 
DDC a s  AD 30 321(a)  .) 

Laminar flow experiments were conducted i n  t h e  i n l e t  l ength  of  a 1.007" 
i . d .  tube o f  50 f t  l e n g t h  a t  high Reynolds numbers and low turbulence l e v e l .  
The experimental  s e t u p  was s i m i l a r  t o  t h a t  of  Ref. 1. Ex te rna l  d i s tu rbances  
were reduced by damping sc reens  a t  t h e  tube i n l e t  and by an improved s o n i c  
t h r o a t  a t  t h e  end of  t h e  t e s t  tube ahead of t he  compressor. 

Completely laminar  flow through t h e  whole tube was observed up t o  a l eng th  - 
ux 

Reynolds number - - v - 53.2 lo6 ,  with acce l e r a t ed  flow ( t h e  l o c a l  v e l o c i t y  U 

a t  t h e  edge of  t h e  boundary - l a y e r  a t  the downstream end of t h e  tube w a s  1.50 
times t h e  mean v e l o c i t y  U) . I n t e r m i t t e n t  laminar and t u r b u l e n t  flow was 
observed a t  54.5 . l o6  length  Reynolds number. 
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572. Goldsmith, John; and Meyer, W.  A . :  Laminar Flow Experiments i n  t h e  I n l e t  
Length of a 2-Inch Tube a t  High Reynolds Numbers and Small Ex te rna l  D i s -  
turbances With Boundary Layer Suc t ion  Through Holes. Summary of  Laminar 
Boundary Layer Control  Research, WADC Tech. Rep. 56-111, U.S. A i r  Force,  
Apr. 1957, pp. 8-10, 18-19, and 32-38. (Avai lable  from DDC a s  
AD 130 759.) 



In  September 1953, experiments were begun t o  determine whether o r  n o t  
ex tens ive  laminar  flow could be maintained a t  high Reynolds numbers by means of  
suc t ion  through holes .  I n  t he  f i r s t  experiments,  suc t ion  was app l i ed  t o  a 
s i n g l e  hole  t o  determine i f  d i s turbances  would a r i s e  a s  a r e s u l t  of the th ree -  
dimensional flow f i e l d  i n  the  v i c i n i t y  of the  s i n g l e  ho le .  

Experiments were nex t  conducted t o  determine whether o r  n o t  t he re  i s  i n t e r -  
ference between ad jacen t  ho le s  i n  a row. I t  remained t o  be determined whether 
o r  n o t  t h e r e  i s  i n t e r f e r e n c e  between ho le s  i n  ad j acen t  rows of ho le s .  To sum- 
marize,  t he  c r i t i c a l  suc t ion  q u a n t i t y  p e r  row of ho le s  f o r  wide- and in t e rmed ia t e -  
spaced holes  i s  gene ra l ly  reduced a s  a d d i t i o n a l  rows a r e  added i n  t he  tube.  

F i n a l l y ,  laminar suc t ion  experiments were conducted i n  a 2-inch diameter  low 
turbulence tube wi th  80 rows of c l o s e l y  spaced suc t ion  ho le s  (110 ho le s  row) a t  
the downstream end o f  t h e  tube .  Laminar flow was observed f o r  these  experiments 
f o r  tube length  Reynolds numbers from 8.5 t o  18 .8  m i l l i o n ,  and p re s su re  r i s e s  i n  
the s u c t i o n  region from 36% t o  69% of the  maximum dynamic p re s su re .  

P r o f i l e  drag  c o e f f i c i e n t s  of equiva len t  symmetrical suc t ion  a i r f o i l s  having 
the  same p re s su re  d i s t r i b u t i o n  a s  t he  tube ,  were es t imated  from the  r e s u l t s  of 
these  experiments.  

The r e s u l t s  of t hese  experiments with 80 rows of ho le s  a r e  given. S imi l a r  
experiments were previous ly  conducted f o r  80 s l o t s  and a comparison was made 
between the  performance of t he  s l o t s  and rows of  ho le s .  I t  was found t h a t  t h e  
s l o t s  a r e  gene ra l ly  more e f f i c i e n t  than the  rows of h o l e s ,  b u t  n o t  s o  much more 
e f f i c i e n t  a s  t o  e l imina te  t he  use of rows of ho le s  where o t h e r  cons ide ra t ions  
may favor  them. 
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573. Meyer, W. A . :  Smoke Observations of  t he  Laminar Flow i n  an 8-Inch Tube 
With Suct ion Through Holes. Summary of Laminar Boundary Layer Control  
Research, WADC Tech. Rep. 56-111, U.S. A i r  Force, Apr. 1957, pp. 10-12, 
18-19, and 39-41. (Avai lable  from DDC a s  AD 130 759.) 

In  o r d e r  t o  b e t t e r  understand the  r e s u l t s  ob ta ined  wi th  low drag s u c t i o n  
through ho le s  i n  t h e  2-inch tube and t o  ob ta in  a c l e a r e r  i n s i g h t  of t h e  flow 
phenomena involved,  laminar s u c t i o n  experiments were conducted i n  an 8-inch tube 
a t  low speeds and with t h i c k  boundary l aye r s .  The flow i n  the boundary l a y e r  
was observed with smoke. 

The f i r s t  t e s t  s e c t i o n  conf igura t ion  cons is ted  of a row of  t en  1/8-inch 
diameter ho les  d r i l l e d  1/2-inch a p a r t  i n  t he  t r anspa ren t  tube a t  r i g h t  angles  t o  
the tube flow. These holes  were used s i n g l y  and i n  p a i r s  t o  produce t h e  var ious  
flow f i e l d s .  Suct ion through one hole  was the  f i r s t  conf igura t ion  t e s t e d ,  then 



suct ion  through two adjacent  holes ,  and f i n a l l y  through one row of twenty- 
four holes .  
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574. Pfenninger, W.; Meyer, W. A. ;  Moness, E . ;  and Sipe,  0.  E.:  Laminar Flow 
Experiments i n  the  I n l e t  Length of a 2-Inch Tube a t  High Reynolds Numbers 
and Small External  Disturbances With Boundary Layer Suction Through 
80 S lo t s .  Summary of Laminar Boundary Layer Control Research, WADC 
Tech. Rep. 56-111, U.S. A i r  Force, Apr. 1957, pp. 2-8, 18, and 20-29. 
(Available from DDC a s  AD 130 759.) 

Laminar flow was observed i n  a tube with 80 suct ion  s l o t s  through a pressure  
r i s e  of 14% t o  89% of t h e  pressure  d i f ference  between s tagnat ion  pressure  and 
pressure minimum a t  length Reynolds numbers up t o  20 x 106 and a t  a low turbu- 
lence l e v e l .  A maximum Reynolds number of 21.2 x 106 with 40% laminar pressure  
r i s e  was observed. The minimum suct ion  q u a n t i t i e s  f o r  complete laminar flow 
were approximately 27% smaller  than w i t h  suc t ion  through e i g h t  s l o t s  with the  
same t e s t  setup.  
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575. Pfenninger, W.;  Moness, E.;  and Sipe,  0.  E . ,  Jr.: Inves t iga t ion  of  Laminar 
Flow i n  a Tube a t  High Reynolds Numbers and Low Turbulence With Boundary; 
Layer Suction Through 80 S l o t s .  Rep. No. BLC-53, Rep. No. NAI-54-488, 
Northrop A i r c r a f t ,  Inc . ,  July 1954. (Available from DDC a s  AD 54 971.) 

P r a c t i c a l l y  completely laminar flow was observed i n  a low turbulence tube 
with 80 suct ion  s l o t s  through a pressure  r i s e  of 14% t o  71% of the  pressure  d i f -  
ference between s tagnat ion  pressure  and pressure  minimum a t  high length Reynolds 

0 . x  
numbers. Data have been presented f o r  length Reynolds numbers - v up t o  

17 - 5  x lo6.  The h ighes t  length  Reynolds numbers observed with completely laminar 
flow were around 18.7 x lo6 ,  however e x t e r n a l  disturbances e a s i l y  caused t r a n s i -  
t i o n  i n  these cases.  

The p r o f i l e  drag c o e f f i c i e n t  of an equivalent  suct ion  a i r f o i l  having the  
same chordwise pressure  d i s t r i b u t i o n  a s  the  tube has been est imated from the  



tube t e s t  d a t a  (from the  measured boundary l a y e r  p r o f i l e  a t  the  end of  the  tube, 
suct ion  q u a n t i t i e s  and s t a t i c  pressures  i n  t h e  individual  suct ion  chambers). 

Author 
Ava i l ab i l i ty  : 

SN-24021, Ju ly  1954 
BLC-5 3 
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576. Meyer, W. A. ; and Pfenninger, W. : Preliminary Inves t iga t ions  of  Laminar 
Flow i n  a Tube a t  High Reynolds Numbers and Low Turbulence With Boundary 
Layer Suction Through 80 S lo t s .  Rep. No. BLC-7, Northrop A i r c r a f t ,  Inc.,  
Aug. 1953. (Available from DDC a s  AD 20 076 (a)  . ) 

Laminar flow was observed i n  a tube with 80 suct ion  s l o t s  through a pres-  
sure  r i s e  of 30% t o  89% of the  pressure  d i f ference  between s tagnat ion  pressure  
and pressure  minimum a t  length Reynolds numbers up t o  20 lo6 and a t  a low 
turbulence l e v e l .  A maximum Reynolds number of 21.2 lo6 with 40% laminar 
pressure r i s e  was observed. The minimum suct ion  q u a n t i t i e s  f o r  completely 
laminar flow were approximately 20% smaller  than with suct ion  through 8 s l o t s  
with the  same t e s t  setup.  

Ava i l ab i l i ty  : 
SN-24021, Aug. 1953 
BLC-7 
AD 20 076(a)  

~577. Holstein , H. : Messungen zur  Laminarhaltung der  Grenzschicht durch 
Absaugung an einem ~ r a g f l i i g e l .  Ber icht  S10, L.G.L., Preisausschreiben,  
1940, pp. 17-27. 

Ava i l ab i l i ty :  
N78-7855 1 

578. Pfenninger, W . :  Experiments on a Laminar Suctior, A i r f o i l  of 17 Per Cent 
Thickness. J. Aeronaut. Sc i . ,  vol.  16, no. 4,  Apr. 1949, pp. 227-236. 

Boundary-layer suc t ion  experiments have been c a r r i e d  out  on a 17 p e r  cen t  
th ick  laminar a i r f o i l  i n  the  7- by 10-ft .  wind tunnel  of the  I n s t i t u t e  f o r  Aero- 
dynamics a t  the  Federal I n s t i t u t e  of  Technology, '&rich. With small suct ion  
q u a n t i t i e s  ( c  Qt = 0.0014 t o  0.0018) , t he  boundary l a y e r  could be kept  completely 

laminar on both s i d e s  of  the  a i r f o i l  within a considerable range of  l i f t  coe f f i -  
c i en t s .  The p r o f i l e  drag was reduced t o  one-half: = 0.0023 a t  

Re = 2.4 x lo6 with suct ion  ( including the  power absorbed f o r  suct ion)  a s  
agains t  cd = 0.0048 a t  Re = 2 x l o6  without suct ion .  The range of  c,-values 

OOmin . 
with low drag  c o e f f i c i e n t s  was more than doubled, and an optimum g l i d i n g  angle of  



t he  a i r f o i l  E, = 1/200 was obtained.  With moderate d e f l e c t i o n s  o f  a  small  op t .  
t r a i l i ng -edge  
an optimim g l  

f l a p  (cF = 0 . 1 0 8 ~ )  a favorab le  envelope of  t he  p o l a r s ,  as w e l l  a s  
. i d i n g  angle  of t h e  a i r f o i l  E, = 1/250, was reached. 

o p t .  
Author 

579. Braslow, A l b e r t  L. ; Viscont i  , Fioravante ;  and Burrows, Dale L. : Pre l imi-  
nary Wind-Tunnel I n v e s t i g a t i o n  o f  t h e  E f f e c t  o f  Area Suct ion on t h e  
Laminar Boundary Layer Over an NACA 64A010 A i r f o i l .  NACA RM L7L15, 1948. 

A p re l iminary  i n v e s t i g a t i o n  was made i n  t he  Langley two-dimensional low- 
turbulence t unne l  on an NACA 64A010 a i r f o i l  with permeable su r f aces  to o b t a i n  an 
i n d i c a t i o n  o f  t h e  s t a b i l i z i n g  e f f e c t  of a r e a  s u c t i o n  on t h e  laminar boundary 
l a y e r .  Boundary-layer v e l o c i t y  p r o f i i e s  were measured a t  Reynolds numbers of  
2.0 x l o6  , 4.0  x l o 6  , and 6 .0  x lo6 and a t  var ious  chordwise s t a t i o n s  f o r  va lues  
of  t h e  flow c o e f f i c i e n t  up t o  0.012. 

Although t h e  su r f aces  of  t h e  a i r f o i l  model t h a t  was t e s t e d  had many waves 
and i r r e g u l a r i t i e s  of contour ,  t h e  d a t a  cor robora ted  q u a l i t a t i v e l y  the theo- 
r e t i c a l l y  p r e d i c t e d  s t a b i l i z i n g  e f f e c t  of  a r e a  s u c t i o n  on a  smooth f l a t  p l a t e .  
The suc t ion  q u a n t i t y  requi red  f o r  t h e  wavy a i r f o i l  t e s t e d ,  however, w a s  much 
g r e a t e r  than  t h e  t h e o r e t i c a l  va lue  f o r  a  smooth f l a t  p l a t e .  

Author 
A v a i l a b i l i t y  : 
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580. Lo f t i n ,  Laurence K . ,  Jr.; and Horton, Elmer A * :  Experimental I n v e s t i g a t i o n  
of  Boundary-Layer Suct ion Through S l o t s  To Obtain Extensive Laminar 
Boundary Layers on a  15-Percent-Thick A i r f o i l  Sec t ion  a t  High Reynolds 
Numbers. NACA RM L52D02, 1952. 

The r e s u l t s  p resen ted  i n d i c a t e  t h a t  e s s e n t i a l l y  fu l l -chord  laminar  flow 
wi th  l a r g e  n e t  d rag  sav ings  can be ob ta ined  through t h e  use of mu l t i p l e  s u c t i o n  
s l o t s  f o r  Reynolds numbers a s  h igh  a s  16.0 x lo6 t o  17.0 x lo6 .  These r e s u l t s ,  
however, could  be ob ta ined  only a f t e r  a  very high degree of  su r f ace  exce l l ence  
had been achieved on the  model. 

Author 
A v a i l a b i l i t y :  

N78-78541 

581. Pfenninger ,  W. : Experiments With a  15%-Thick S l o t t e d  Laminar Suc t ion  Wing 
Model i n  t h e  NACA, Langley F i e l d ,  Low Turbulence Wind Tunnel. Tech. 
Rep. 5982, U.S. A i r  Force,  Apr. 1953, 

Boundary l a y e r  suc t ion  experiments have been conducted on a  15%-thick 
s l o t t e d  laminar-suct ion wing of  5-foot  chord i n  t h e  Low Turbulence P re s su re  
Tunnel a t  t h e  NACA, Langley F i e l d ,  V i rg in i a .  Completely laminar flow was 
achieved on both wing su r f aces  up t o  17 lo6 chord Reynolds number by means o f  
suc t ion  i n  s l o t s .  With i nc reas ing  Reynolds number, t he  d rag  a t  f i r s t  decreased 
i n  a  manner s i m i l a r  t o  t h a t  of  f r i c t i o n  drag  on a  laminar f l a t  p l a t e .  A t  t h e  



des ign  l i f t  c o e f f i c i e n t  t h e  minimum drag  a t  16.3 - l o 6  chord Reynolds number was 
CD,, = 0.0011 inc lud ing  t h e  equ iva l en t  d rag  due t o  t h e  suc t ion  power. A t  s t i l l  

h igher  Reynolds numbers t he  drag  increased  aga in ,  very probably due t o  t h e  com- 
bined e f f e c t s  of  tunne l  turbulence and noise  and su r f ace  waviness.  A high su r -  
face  s tandard  ( smal l  waviness and roughness) was necessary t o  achieve completely 
laminar  flow a t  high Reynolds numbers. 

Author 
A v a i l a b i l i t y :  

N79-70281 
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582. Burrows, Dale L.; and Schwartzberg, Milton A * :  Experimental I n v e s t i g a t i o n  
o f  an NACA 64A010 A i r f o i l  Sec t ion  With 41 Suc t ion  S l o t s  on Each Sur face  
f o r  Control  of Laminar Boundary Layer. NACA TN 2644, 1952. 

The 3-foot-chord model was designed according t o  an a n a l y s i s  p r e sen t ed  
h e r e i n  t o  maintain n e a r l y  fu l l -chord  laminar flow a t  Reynolds numbers up t o  
25  x l o6  wi th  t he  use of  41 s u c t i o n  s l o t s  on each s u r f a c e .  

Laminar flow was maintained over  a t  l e a s t  0 .91 chord on one s u r f a c e  up t o  a 
Reynolds number of 10 x l o6 .  A l i k e  e x t e n t  o f  laminar flow on the  o t h e r  su r f ace  
would have r e s u l t e d  i n  a n e t  d rag  s av ing  o f  about 50 pe rcen t  over  t h e  p l a i n  
smooth a i r f o i l  a t  Reynolds numbers a s  high a s  10 x 106. This r e s u l t  was ob ta ined  
only a f t e r  t h e  expendi ture  of a g r e a t  amount o f  e f f o r t  i n  forming s lo t - en t ry  
contours  t h a t  would n o t  cause t r a n s i t i o n  and i n  main ta in ing  the  s u r f a c e s  of  t h e  
model and the  edges of  t h e  s l o t s  s u f f i c i e n t l y  smooth. Extensive laminar  flow 
was n o t  ob ta ined  a t  h ighe r  Reynolds numbers because of  t h e  i n c r e a s i n g  s e n s i t i v i t y  
of t h e  flow t o  minute su r f ace  i r r e g u l a r i t i e s  and s l i g h t  i naccu rac i e s  o f  s l o t -  
e n t r y  contour .  

Author 
A v a i l a b i l i t y  : 

N78-78547 

583. Smith, A. M. 0. ; and Braz i e r ,  J. G .  : Wind-Tunnel Tes t s  on a Six-Foot Chord 
Model of  t h e  DESA-2 Laminar Suct ion A i r f o i l .  Rep. No. ES 17129 
(Cont rac t  No. NOa (s) 9027) , Douglas A i r c r a f t  Co., Inc.  , Mar. 9 ,  1953. 

Two s e r i e s  of  t e s t s  have been performed on t h e  DESA-2 a i r f o i l ,  a 6.6 pe r -  
cen t  t h i c k ,  16-s lo t  s u c t i o n  a i r f o i l  having a sawtooth p re s su re  d i s t r i b u t i o n .  
One s e r i e s  took p l a c e  i n  t h e  GALCIT TDT; t he  o t h e r  i n  t h e  Langley NACA TDPT. 
By means of  t h e  sawtooth d i s t r i b u t i o n ,  much more r a p i d l y  a c c e l e r a t i n g  v e l o c i t i e s  
were p o s s i b l e  than on convent ional  a i r f o i l s  o f  about  t he  same th i cknes s ,  and, a s  
a consequence, t h e  a i r f o i l  had a very h igh  s t a b i l i t y  with r e s p e c t  t o  Tollmien- 
Sch l i ch t ing  waves. Because of  t h i s  f e a t u r e ,  t h e r e  was cons iderab le  hope t h a t  
100 pe rcen t  laminar  flow could be maintained t o  very high Reynolds numbers, o r  
conversely,  t h a t  t h e  model would show reduced s e n s i t i v i t y  t o  roughness a t  
moderate Reynolds numbers. 

The t e s t s  f a i l e d  completely t o  bea r  o u t  t h e  expec t a t i on ,  f o r  t h e  model was 
no d i f f e r e n t  from prev ious  models, e i t h e r  boundary l a y e r  con t ro l  o r  o therwise .  



Extensive hot  wire surveys of an exploratory nature were made t o  diagnose 
the causes of d i f f i c u l t y ,  

Author 
Ava i l ab i l i ty  : 

N78-78552 
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584. Brazier ,  J. G. : Instrumentation f o r  Tests  on a Laminar-Boundary Layer 
Control A i r f o i l .  Rep. No. ES 17126 (Contract NOa(s) 9027), Douglas 
A i r c r a f t  Co., Inc . ,  Dec. 30, 1952. 

Instrumentation which was used during wind tunnel t e s t s  of a laminar- 
boundary l a y e r  cont ro l  a i r f o i l  model is discussed. I t  includes measurements of  
a i r f low r a t e  and measurements of boundary-layer proper t ies .  For the  f i r s t ,  
o r i f i c e  p l a t e s  were designed and ca l ib ra ted .  For the  second, hot-wire anemom- 
e t e r  equipment, hot-wire anemometers, ac tuators  and small total-head tubes were 
purchased, o r  designed and fabr i ca ted ,  and ca l ib ra ted .  

Author 
Ava i l ab i l i ty :  
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N-22822 

585. Lof t in ,  Laurence K . ,  Jr.; and Horton, Elmer A. :  Experimental Inves t iga t ion  
of Laminar-Boundary-Layer Control on an A i r f o i l  Section Equipped With 
Suction S l o t s  Located a t  Discont inui t ies  i n  the  Surface Pressure D i s -  
t r i b u t i o n .  NACA RM L53J14, 1953. 

An experimental inves t iga t ion  has been made of a two-dimensional 
6.6-percent-thick, 6-foot-chord a i r f o i l  sec t ion  equipped with suc t ion  s l o t s  f o r  
laminar-boundary-layer cont ro l .  The a i r f o i l  sec t ion  was designed t o  have favor- 
able pressure  gradients  between the  suct ion s l o t s  which were located  a t  d i s -  
c o n t i n u i t i e s  i n  the  a i r f o i l  surface pressure d i s t r i b u t i o n .  The upper surface 
contained nine s l o t s ,  whereas the  lower surface  contained seven s l o t s .  The 
inves t iga t ion  indica ted  t h a t  the  laminar boundary l a y e r  on t h i s  a i r f o i l  had the  
same extreme s e n s i t i v i t y  t o  minute d e t a i l s  of the  model surface condit ion as  has 
been found i n  o ther  inves t iga t ions  of laminar-boundary-layer cont ro l .  

Author 
Ava i l ab i l i ty  : 
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586. Kay, J. M.:  Boundary-Layer Flow Along a F l a t  P l a t e  With Uniform Suction. 
R.  & M. No. 2628, B r i t i s h  A.R.C.,  1953. 

Experiments have been ca r r i ed  ou t  i n  the c losed-c i rcui t  wind-tunnel a t  
Cambridge University t o  determine the  ef fec t iveness  of d i s t r i b u t e d  suct ion  as  a 
means of con t ro l l ing  and s t a b i l i z i n g  the  flcw i n  a boundary l aye r .  These 
experiments have shown t h a t  the  laminar exponential suct ion p r o f i l e  can be 
es t ab l i shed  and re ta ined,  provided the  boundary l aye r  i s  i n  an undisturbed 
laminar condit ion a t  the s t a r t  of the  suct ion region. Good agreement has been 



obta ined  be tween the  measured v e l o c i t y  p r o f i l e s  and t h e  t h e o r e t i c a l  exponent ia l  
form. It has a l s o  been shown t h a t  t he  laminar  s u c t i o n  p r o f i l e ,  when once 
e s t a b l i s h e d ,  i s  ab l e  t o  surmount small  d i s tu rbances  which would normally be 
s u f f i c i e n t  t o  promote t r a n s i t i o n  i n  t h e  absence of  suc t ion .  There i s ,  however, 
no evidence whatever t o  sugges t  t h a t  laminar  flow can be r e - e s t ab l i shed  i f  
t r a n s i t i o n  once occurs .  

The v a r i a t i o n  wi th  r a t e  of  s u c t i o n  o f  t h e  t o t a l  e f f e c t i v e  drag  of a  f l a t  
p l a t e  has  been i n v e s t i g a t e d .  I t  has  been e s t a b l i s h e d  t h a t ,  from t h e  p o i n t  o f  
view of  drag  reduc t ion ,  t h e  optimim r a t e  of  suc t ion  i s  t h e  minimum r a t e  which i s  
s u f f i c i e n t  t o  maintain laminar  flow under t h e  p r e v a i l i n g  cond i t i ons  of  s t ream 
turbulence and su r f ace  f i n i s h .  A suc t ion  v e l o c i t y  r a t i o  of  approximately 0.0010 
has proved necessary i n  o rde r  t o  ensure t h e  p re se rva t ion  o f  laminar flow wi th  
the cond i t i ons  p r e v a i l i n g  i n  t h e  wind-tunnel a t  Cambridge, a l though a  lower f i g -  
ure may be adequate under t he  s t e a d i e r  a i r  cond i t i ons  of  f r e e  f l i g h t .  

A s  f a r  a s  t u r b u l e n t  flow i s  concerned, it has  been shown t h a t  d i s t r i b u t e d  
suc t ion  provides  an e f f e c t i v e  method of  t h inn ing  a  t u r b u l e n t  boundary l a y e r .  
Some evidence has a l s o  been accumulated t o  show t h a t  an asymptotic t u r b u l e n t  
suc t ion  p r o f i l e  may be c l o s e l y  approached a t  s u f f i c i e n t  va lues  o f  s u c t i o n  veloc-  
i t y .  A t h e o r e t i c a l  b a s i s  has  been suggested f o r  this type of boundary-layer 
flow, us ing  t h e  v o r t i c i t y  t r a n s f e r  theory ,  which has  given good agreement with 
the  experimental  r e s u l t s .  
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587. Groth, E r i c  E.: Low Speed Wind Tunnel Experiments on a  Body o f  Revolution 
With Low Drag Boundary Layer Suc t ion .  Rep. No. NAI-58-335 (BLC-107) 
(Cont rac t  AF33 (616) -3168) , Northrop A i r c r a f t ,  Inc.  , May 1958. 

F u l l  laminar  flow and low drag c o e f f i c i e n t s  a t  zero inc idence  were ob ta ined  
on a  142 inch  long e l l i p t i c  body of  r evo lu t ion  o f  f i nenes s  r a t i o  9  i n  low speed 
wind tunne l  experiments up t o  length  Reynolds numbers of  t h e  o r d e r  of  14 . l o 6 .  
The optimum t o t a l  d rag  c o e f f i c i e n t  ( i nc lud ing  suc t ion  drag)  was 1.24 t imes t h e  
f r i c t i o n  c o e f f i c i e n t  o f  a  laminar  f l a t  p l a t e  f o r  Reynolds numbers below 
11 - l o 6 .  A few measurements a t  angles  of a t t a c k  up t o  3O showed t h a t  laminar 
flow could be maintained a t  s l i g h t l y  h igher  suc t ion  q u a n t i t i e s  and drag 
c o e f f i c i e n t s  . 
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588. Groth, E. E.: Ca lcu la t ion  of t h e  Boundary Layer With Continuous Suc t ion  
Around a  Body o f  Revolution of  Fineness Rat io  8.  Rep. No. BLC-5, 
Northrop A i r c r a f t ,  I nc . ,  Aug. 1953. (Avai lab le  from DDC a s  AD 20 0 7 6 ( b ) . )  



The development of  t h e  laminar boundary l a y e r  on an e l l i p s o i d  of f i nenes s  
r a t i o  8  wi th  modified r e a r  end i s  computed f o r  var ious  amounts of cont inuous 
suc t ion  i n  t h e  r e a r  h a l f  of  t h e  body. The problem f o r  t h e  body o f  r evo lu t ion  i s  
transformed t o  a  two-dimensional problem by means of  Mangler 's  t ransformat ion ,  
and then the  boundary l a y e r  equa t ions  a r e  so lved  by ~ o r t l e r ' s  d i f f e r e n c e  method. 
An e s t ima t ion  of t h e  drag  of t h e  body shows t h a t  d rag  c o e f f i c i e n t s  of  t he  o rde r  
of  1.26 t imes t h e  laminar f r i c t i o n  drag of a  f l a t  p l a t e  might be p o s s i b l e  f o r  
moderate suc t ion  q u a n t i t i e s .  This  value inc ludes  t h e  power needed f o r  t h e  
a c c e l e r a t i o n  o f  t h e  sucked a i r  t o  t he  f r e e  s t ream v e l o c i t y .  

I t  i s  in tended  t o  t e s t  t h e  same body i n  a  wind tunne l  a t  high Reynolds 
numbers (up t o  30 - l o 6 )  and compare the  theory with t h e  t e s t  r e s u l t s .  

Theo re t i ca l  s t u d i e s  i n d i c a t e d  t h a t  it i s  p o s s i b l e  t o  maintain laminar  flow 
over  a  body of r evo lu t ion  by sucking away p a r t  o f  t he  laminar  boundary l aye r .  
The c a l c u l a t i o n s  made f o r  an e l l i p s o i d  o f  f ineness  r a t i o  8  ( s ee  Northrop Report 
BLC-5) were used t o  design and b u i l d  such a  body with a  smal l  number o f  suc t ion  
s l o t s  f o r  wind tunne l  and f l i g h t  experiments t o  confirm t h e  t h e o r e t i c a l  pre-  
d i c t i o n s  concerning drag  c o e f f i c i e n t s  and necessary suc t ion  q u a n t i t i e s .  

The design of  t h e  body was s t a r t e d  i n  t h e  summer of  1953, and the f i r s t  
experiments took p l ace  a t  t h e  Northrop low speed wind tunne l  i n  Apr i l  1956. 
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589. Sipe , 0 .  E . , Jr . : Note on the  Turbulence Level of  t h e  Northrop Wind 
Tunnel. NAI-55-946, Rep. No. BLC-82, Northrop A i r c r a f t ,  I nc . ,  Oct. 1955. 
(Avai lable  from DDC a s  AD 89 596 (b) . ) 

Drag and t r a n s i t i o n  i n v e s t i g a t i o n s  of a  96-inch modified e l l i p s o i d  i n  t h e  
12-Ft. A m e s  Low Turbulence Wind Tunnel and the  Northrop Wind Tunnel showed low 
t r a n s i t i o n  Reynolds numbers nea r ly  equa l  i n  value.  This suggested t h a t  t h e  
Northrop Wind Tunnel had a  r e l a t i v e l y  low turbulence l e v e l ,  thus  pe rmi t t i ng  
f u t u r e  t e s t s  of laminar s u c t i o n  bodies  of  revolu t ion  and low drag  s u c t i o n  wings 
a t  moderately high Reynolds numbers. 

T rans i t i on  experiments were conducted i n  t he  Northrop Wind Tunnel on a 
96-inch chord f l a t  p l a t e  t o  i n v e s t i g a t e  the  turbulence l e v e l ,  and a l s o  t o  b e t t e r  
understand the  reason f o r  t h e  low t r a n s i t i o n  Reynolds numbers observed on t h e  
96 -inch body. 

The value of 3 . 7 5 ~ 1 0 ~  t r a n s i t i o n  Reynolds number f o r  p r a c t i c a l l y  zero 
p re s su re  g rad i en t  compares reasonably wel l  with t he  t r a n s i t i o n  Reynolds number 
of 4 . 5 ~ 1 0 ~  observed on a  f l a t  p l a t e  with a  c i r c u l a r  a r c  l ead ing  edge i n  t h e  
12- f t  low turbulence tunne l  a t  t h e  NACA Ames Laboratory. T rans i t i on  exper i -  
ments i n  t h e  small  R.A.E.  low turbulence tunne l  gave a  somewhat h ighe r  value of 
6 x 1 0 ~  t r a n s i t i o n  Reynolds number on a f l a t  p l a t e .  



The r e l a t i v e l y  low turbulence l e v e l  of  t h e  N A I  Wind Tunnel w i l l  pe rmi t  
many pre l iminary  laminar  suc t ion  experiments t o  be conducted i n  t h i s  t unne l ,  f o r  
example, swept laminar suc t ion  wings, laminar  suc t ion  bodies  and wing r o o t  
junc tures .  

A v a i l a b i l i t y :  
SN-24021, Oct. 1955 
NAI-55-946 
BLC-82 
AD 89 596(b)  
N79-75745 

Author 

590. Pfenninger ,  W . ;  Gross, Lloyd; and Bacon, John W . ,  Jr.: Experiments on a 
300 Swept 12%-Thick Symmetrical Laminar Suct ion wing i n  t h e  5-Ft. by 7-Ft. 
Michigan Tunnel. Rep. No. BLC-93, Rep. No. NAI-57-317, Northrop A i r -  
c r a f t ,  I nc . ,  Feb. 1957. 

Low d rag  boundary l a y e r  s u c t i o n  experiments were conducted i n  t h e  5 '  x 7 '  
Michigan wind tunne l  on a 2-dimensional, 12%-thick symmetrical laminar  suc t ion  

0 0 0 
wing model of  30° sweep a t  a = 0 , 1 and -1 angle  o f  a t t a c k .  Suct ion was 
a p p l i e d  through 86 f i n e  s l o t s  from 25% chord t o  95% chord. A t  a = oO, 100% 
laminar  flow and low p r o f i l e  d rags  were observed up t o  a wing chord Reynolds 

6 number Rc = 11.8 x 10 . The minimum p r o f i l e  d rag  was cD+ = .00125 a t  .- 
0 

R- 5 11.8 x lo6  and a = 0 (drag  f o r  both wing s u r f a c e s ,  i nc lud ing  t h e  
L 

equ iva l en t  d rag  due t o  t h e  suc t ion  power). With i n c r e a s i n g  wing chord Reynolds 
number, t h e  optimim p r o f i l e  d rag  decreased a t  a s lower r a t e  than t h e  laminar  
f r i c t i o n  d rag  o f  a f l a t  p l a t e  due t o  i n c r e a s i n g  va lues  of  C Q ~  Rc wi th  Rc. 

The minimum s u c t i o n  q u a n t i t i e s  cpt r equ i r ed  f o r  100% laminar flow were some- 

what l a r g e r  than f o r  an equ iva l en t  s t r a i g h t  laminar s u c t i o n  wing. The measured 
drag va lues  agreed c l o s e l y  with t h e o r e t i c a l  va lues .  The measured c r i t i c a l  mini- 
mum s u c t i o n  q u a n t i t i e s  f o r  100% laminar  flow were s l i g h t l y  sma l l e r  than t h e  
t h e o r e t i c a l  ones.  This experiment proves t h e  f e a s i b i l i t y  o f  100% laminar  flow 
and very  low p r o f i l e  d rags  on swept laminar  s u c t i o n  wings, a t  l e a s t  f o r  moder- 
a t e l y  l a r g e  wing chord Reynolds numbers. 

A v a i l a b i l i t y :  
SN-24021, Nov. 1958 
BLC-93 
NAI-57-317 
N79-75695 

Author 

591. Bacon, J. W . ,  Jr.; Tucker, V. L.; and Pfenninger ,  W . :  Experiments on a 
30° Swept, 12% Thick Symmetrical Laminar Suct ion Wing i n  t h e  5- by 7-Foot 
Univers i ty  o f  Michigan Tunnel. Rep. No. NOR-59 -328 (BLC-119) , Northrop 
A i r c r a f t ,  I nc . ,  Aug. 1959. 

The f i r s t  s e r i e s  o f  t e s t s  on t h i s  wing (NAI-57-317, BLC-93), proved t h a t  
f u l l  chord laminar  flow can be maintained on a swept wing wi th  adequate suc t ion  
throughout  t h e  s t r o n g  crossf low reg ion  i n  t h e  a f t  p o r t i o n  of  t he  wing a t  chord 
Reynolds numbers o f  a t  l e a s t  12 x l o 6 .  In  a d d i t i o n ,  the  lead ing  edge c ross f low 



i n s t a b i l i t y  was n o t  c r i t i c a l  a t  o0 and + lo ,  b u t  was c r i t i c a l  a t  a  chord Reynolds 
number above 7 x l o 6  f o r  -lo angle  of  a t t a c k .  I n  t h e  p r e s e n t  s e r i e s  of  t e s t s ,  
t h e  swept wing laminar  suc t ion  model has been modified by the  i n s t a l l a t i o n  o f  
s l o t s  forward t o  achieve laminar flow a t  h ighe r  R.N.  where t h e  l e s s  severe 
l ead ing  edge crossfLow becomes c r i t i c a l  a t  O0 angle  of a t t a c k .  F u l l  chord lami- 
n a r  flow low f r i c t i o n  drags were observed up t o  the  tunne l - l imi ted  wing chord 
R.N. The measured d rags  a t  00 were s l i g h t l y  lower than those from t h e  f i r s t  
s e r i e s  of t e s t s  and t h e r e  were no i n d i c a t i o n s  t h a t  t h e  forward s l o t s  caused any 
d i s tu rbances  wi th  o r  wi thout  suc t ion  app l i ed .  This  sugges ts  t h a t  laminar  flow 
on swept wings i s  p o s s i b l e  t o  much h igher  wing chord Reynolds numbers. 

A v a i l a b i l i t y :  
NOR-59-328 (BLC-119) 
N79-77132 

592. McCormick, Barnes W . ,  Jr.: An Experimental Study o f  Drag Reduction by 
Suct ion Through Ci rcumferen t ia l  S l o t s  on a  Buoyantly-Propelled, Axi- 
Symmetric Body. Naval Hydrodynamics - Ship Motions and Drag Reduction, 
ACR-112, Of f i ce  of Naval Res . , Dep. of  Navy, 1964, pp. 1001-1015. 

This paper  p r e s e n t s  t h e  a n a l y s i s ,  des ign ,  and r e s u l t s  o f  t e s t i n g  performed 
t o  d a t e  on TRI -B , a buoyant ly-propel led body inco rpo ra t i ng  boundary l a y e r  con- 
t r o l  by suc t ion  through c i r cumfe ren t i a l  s l o t s .  This body is  designed t o  main- 
t a i n  a  n e a r l y ,  f u l l - l e n g t h  laminar boundary l a y e r  a t  a  l ength  Reynolds number 
of  39 x 106. Although t h e  expected performance has  n o t  y e t  been achieved i n  t h e  
f i e l d  with t h e  free-running body, n e a r l y  f u l l - l e n g t h  laminar  flow has  been mea- 
sured  i n  wind tunne l  t e s t s  a t  lower Reynolds numbers. From t h e  r e s u l t s  of an 
a n a l y s i s  based on t h e  Karman-Pohlhausen method, it  i s  be l i eved  t h a t  t r a n s i t i o n  
i s  occur r ing  ahead of  t he  f i r s t  suc t ion  s l o t  a t  t h e  h ighe r  Reynolds number. 

Author 
A v a i l a b i l i t y :  

N-61721 (1964) 

593. Summary of  Addi t iona l  S tud ie s  Leading t o  t h e  Eevelopment of  a  Laminar Flow 
Torpedo. Rep. No. NOR 65-230 (BLC-164) (Cont rac t  NOW 64-0390-C) , 
Northrop Corp.,  Dec. 1965. (Avai lab le  from DDC a s  AD 373 647.) 

A v a i l a b i l i t y :  
NOR 65-2 30 (BLC-164) 
AD 373 647 

594. Gross, L. W . :  I nves t i ga t ion  of  a  ~ a m i n a r  Suct ion Body o f    evolution ~ a v i n g  
a  C y l i n d r i c a l  Centersec t ion  i n  t he  Norair  7- x 10-Foot Wind Tunnel. Rep. 
No. NOR-64-116 (BLC-159), Northrop Corp, ,  May 1964. (Availabbe from DDC 
a s  AD 594 990.) 

A 9 : l  f i nenes s  r a t i o  laminar suc t ion  body o f  revolu t ion  having a  b l u n t  nose 
and a  c y l i n d r i c a l  cen t e r sec t ion  was t e s t e d  i n  t h e  Norair  7- by 10-foot wind 
tunne l ,  F u l l  l eng th  laminar flow with low f r i c t i o n  and equ iva l en t  t o t a l  d r ags  
was maintained on t h e  1 2 - f o o t  long  model up t o  a  Reynolds number RL = 20.63 x lo6  



by means of  boundary l a y e r  suc t ion  through 102 f i n e  s l o t s .  The c o e f f i c i e n t  o f  
equ iva l en t  t o t a l  d rag  (based on wet ted a r e a  and inc lud ing  the  equ iva l en t  s u c t i o n  
drag)  a t  an angle  of a t t a c k  a = O0 was 1 . 4  t imes t h e  laminar  f l a t  p l a t e  f r i c -  
t i o n  c o e f f i c i e n t  up t o  RL = 20 x l o 6 .  The lowest  equ iva l en t  t o t a l  d rag  c o e f f i -  
c i e n t  t h a t  was measured was 

' ~ t m i n  
= 4.18 x a t  R L =  20.27 x 106 wi th  

a corresponding t o t a l  suc t ion  q u a n t i t y  c o e f f i c i e n t  (based on wet ted a r e a )  
C Q ~ ~ ~  = 2.25 x 

0 
A t  an angle  o f  a t t a c k  a = -lo a flow asymmetry t h a t  occurred a t  a = 0 

was compensated f o r  and t h e  minimum equ iva l en t  t o t a l  d r ag  c o e f f i c i e n t  was 
reduced t o  1 .37 t imes t h e  laminar  f l a t  p l a t e  f r i c t i o n  c o e f f i c i e n t  up t o  a l eng th  
Reynolds number RL = 20 x l o 6 .  An equ iva l en t  t o t a l  d rag  c o e f f i c i e n t  o f  

'"tmin 
= 3.96 x 10-4 was measured a t  RL = 20.62 x l o 6 ,  r equ i r ing  a t o t a l  

suc t ion  q u a n t i t y  c o e f f i c i e n t  C Q ~ ~ ~  = 1.53 x 
Author 

A v a i l a b i l i t y :  
NOR-64-116 (BLC-159) 
AD 594 990 
N79-7571L 

595. Gregory, N . ;  and Love, E .  M . :  Some Problems of Flow Laminarizat ion on a 
Slender  Del ta  Wing. Recent Developments i n  Boundary Layer Research - 
P a r t  I ,  AGARDograph 97, 1965, pp. 523-566. (Also a v a i l a b l e  a s  NPL 
Aero. Rep. 1138, B r i t i s h  A . R . C . ,  Feb. 1965.) 

The problems a r e  d i scussed  i n  t h e  l i g h t  o f  an experimental  i n v e s t i g a t i o n  
made i n  a low-speed wind tunne l  on t h e  e f f e c t  of d i s t r i b u t e d  s u c t i o n  on the  
s t a t e  of  t h e  boundary l a y e r  on a s l e n d e r  d e l t a  wing of a spec t  r a t i o  1 w i t h  sha rp  
l ead ing  edges.  Laminar flow a t  high Reynolds numbers can be maintained on t h e  
upper su r f ace  with s u c t i o n  a t  nega t ive  angles  of incidence where t h e  flow i s  
a t t ached  throughout ,  and a t  h igh  p o s i t i v e  angles  of incidence i n  a r ea s  between 
t h e  secondary at tachment  l i n e s  and some way outboard of them. Secondary separa-  
t i o n  i s  preceded by s t r o n g  c r o s s  flow and i n s u f f i c i e n t  suc t ion  was a v a i l a b l e  
e i t h e r  t o  e l i m i n a t e  s e p a r a t i o n  o r  t o  avoid t r a n s i t i o n .  A t  o t h e r  inc idences  
wedges of tu rbulence  appear and ways of e l imina t ing  them need t o  be found. The 
phenomenon of  t r ansve r se  t u r b u l e n t  contamination a s s o c i a t e d  with any excres -  
cences nea r  t h e  apex and midspan remains a d i f f i c u l t y .  

Author 
A v a i l a b i l i t y  : 

N65 -34652 
X66-13336 

596. Gross, Lloyd W . :  Experimental Inves t i ga t ion  of a 4%-Thick S t r a i g h t  Laminar 
Suct ion Wing of  17-Foot Chord i n  t h e  Norair  7- by 10-Foot Wind Tunnel, 
Rep. No. NOR-62-045 (BLC-139) , Norair  Div., Northrop Corp., May 1962. 
(Also a v a i l a b l e  i n  Summary of Laminar Boundary Layer Control  Research - 
Volume I ,  ASD-TDR-63-554, U.S. A i r  Force,  Mar. 1964, pp. 111-119. 
(Avai lable  from DDC a s  AD 605 185.) 



F u l l  chord laminar  flow and very low wing equiva len t  t o t a l  drags were main- 
t a ined  on a  4-percent-thick unswept s u c t i o n  wing of 17-foot chord up t o  a  wing 
chord Reynolds number of 26 x 106 by means of  suc t ion  through 100 f i n e  s l o t s .  
Without tunnel  wa l l  f a i r i n g s ,  the  minimum wing equiva len t  t o t a l  d rag  c o e f f i -  
c i e n t  f o r  one wing sur face  ( inc luding  t h e  equ iva l en t  suc t ion  drag)  was 
C = -000375 a t  Rc - 25 x 106 and a = 0 degree angle of  a t t a c k ;  t he  

Dtmin 
corresponding suc t ion  quan t i t y  c o e f f i c i e n t  (based on wing p ro j ec t ed  a rea )  was 

'Qop t = .000130. The maximum wing chord Reynolds number with f u l l  chord laminar  

flow was twice a s  l a r g e  a s  t h a t  measured i n  t h e  same tunnel  on a  30-degree swept 
laminar suc t ion  wing of 7-foot chord and was probably l i m i t e d  by wind tunnel  
no ise  a s  we l l  a s  by the  number of suc t ion  s l o t s  used. The maximum a t t a i n a b l e  
wing chord Reynolds number with f u l l  chord laminar flow was only s l i g h t l y  
inf luenced  by moderate changes of t he  e x t e r n a l  pressure  d i s t r i b u t i o n .  These 
changes were obta ined  by varying the  angle  of  a t t a c k  and by p u t t i n g  f a i r i n g s  on 
the  tunnel  wal l s  oppos i te  the  model. An increased  o v e r a l l  flow a c c e l e r a t i o n  
along t h e  wing chord r e s u l t e d  i n  somewhat h igher  wing chord Reynolds numbers 
wi th  f u l l  chord laminar  flow and, conversely,  the  maximum wing chord Reynolds 
number wi th  100 pe rcen t  laminar flow was somewhat reduced when the  flow was more 
s t rong ly  dece l e ra t ed  along the  chord, a s  compared with the  model a t  a = 0 degree 
angle of a t t a c k  without  tunnel  wal l  f a i r i n g s  p re sen t .  

Author 
A v a i l a b i l i t y :  

597. Gross, L .  W . :  I nves t iga t ion  of a  Laminar Suct ion Modified Sears-Haack 
Body of Revolution i n  t he  Norair 7- by 10-Foot Wind Tunnel. Summary of 
Laminar Boundary Layer Control Research - Volume I ,  ASD-TDR-63-554, 
U . S .  A i r  Force, Mar. 1964, pp. 155-165. (Avai lable  from DDC a s  
AD 605 185 .) 

F u l l  l ength  laminar flow with very low f r i c t i o n  and equ iva l en t  t o t a l  drags 
was maintained on a  9-to-1 f ineness  r a t i o  laminar suc t ion  modified Sears-Haack 
body of r evo lu t ion  of 142-inch length  up t o  a  length  Reynolds number 
RL = 20.1 x 106 by means of suc t ion  through 120 f i n e  s l o t s .  The c o e f f i c i e n t  
of equ iva l en t  t o t a l  drag (based on wetted a r e a  and inc luding  t h e  equ iva l en t  
suc t ion  drag)  a t  an angle of a t t a c k  a = O0 was 1.18 times the  laminar f l a t  
p l a t e  f r i c t i o n  c o e f f i c i e n t  up t o  RL = 19.6 x l o 6  with a  corresponding suc t ion  
quan t i t y  c o e f f i c i e n t  (based on wetted a rea )  CQt = 1.75 x 10-4. A t  an angle  of  

a t t a c k  a = 2 0  t he  minimum equiva len t  t o t a l  d rag  c o e f f i c i e n t  va r i ed  from 
1.18 times the  laminar f l a t  p l a t e  f r i c t i o n  c o e f f i c i e n t  Cf a t  a  Reynolds num- 
be r  RL = 6.3 x l o6  up t o  1.45 Cf a t  RL = 16.19 x 106. An equ iva l en t  t o t a l  
drag c o e f f i c i e n t  CDt = 4.8  x 10-4 was measured a t  RL = 16.19 x l o6  r equ i r ing  



a  t o t a l  s u c t i o n  q u a n t i t y  c o e f f i c i e n t  C = 1-95  x 10-4. F u l l  l ength  laminar  
Qt 

flow a t  a = 2O was observed up t o  a length  Reynolds nurnber RL = 18.55 x 106. 
Author 

A v a i l a b i l i t y :  
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598. Van Ingen, J. L .  : Theore t i ca l  and Experimental I n v e s t i g a t i o n s  of  Incom- 
p r e s s i b l e  Laminar Boundary Layers With and Without Suct ion.  Rep. VTH-124, 
Dep. Aeronaut. Eng., Technol. Univ. D e l f t ,  Oct. 1965. 

This d i s s e r t a t i o n  d e s c r i b e s  some t h e o r e t i c a l  and experimental  i n v e s t i g a t i o n s  
of two-dimensional laminar boundary l a y e r s  wi th  and wi thout  suc t ion .  The p r i -  
mary purpose of t h e  s t u d i e s  was t h e  c l a r i f i c a t i o n  of some p o i n t s  concerned wi th  
maintaining laminar  flow i n  a  boundary l a y e r  by means o f  suc t ion  through a  
porous s u r f a c e ,  a l though some r e s u l t s  were ob ta ined  which may be app l i cab l e  t o  
laminar  boundary l a y e r s  without  suc t ion .  One t h e o r e t i c a l  s tudy  i s  concerned 
wi th  t h e  c a l c u l a t i o n  of  laminar  boundary l a y e r s  us ing  approximate methods o f  
the  type  in t roduced  by Pohlhausen (1921) .  A new method i s  descr ibed  which, 
through a  s p e c i a l  choice of  t h e  v e l o c i t y  p r o f i l e ,  p rovides  accu ra t e  r e s u l t s  i n  
those ca se s  where t he  suc t ion  v e l o c i t y  i s  no t  t oo  l a r g e .  A second t h e o r e t i c a l  
s tudy d e a l s  with a  phase-plane d e s c r i p t i o n  of  t h e  laminar boundary l a y e r  flow 
between n o n p a r a l l e l  p l ane  wa l l s .  Here shear  i s  p l o t t e d  vs t h e  v e l o c i t y  compo- 
nent  p a r a l l e l  t o  t he  wa l l .  The experimental  p a r t  of  t he  work c o n s i s t s  of  mea- 
surements on two a i r f o i l  s e c t i o n s  i n  a  low-speed wind tunne l .  The f i r s t  model 
i s  a  28% t h i c k  laminar-flow a i r f o i l  s e c t i o n  wi th  an impermeable su r f ace  and a  
chord l eng th  of  1 meter.  A d e t a i l e d  survey of  t h e  v e l o c i t y  p r o f i l e s  i n  t h e  
laminar boundary l a y e r  was made with h o t  wi res ;  t he  measurements were extended 
downstream f a r  enough t o  inc lude  t h e  laminar s e p a r a t i o n  p o i n t .  Resu l t s  a r e  com- 
pared  with laminar  boundary l a y e r  theory .  The second model i s  a  15% t h i c k  l a m i -  
n a r  flow wing s e c t i o n  with a  chord l eng th  of 1.35 m and porous upper and lower 
s u r f a c e s  between t h e  30% and 90% chord p o s i t i o n s .  The i n s i d e  of  t h e  model i s  
d iv ided  i n t o  40 d i f f e r e n t  compartments, each with i t s  own suc t ion  l i n e ,  flow- 
r e g u l a t i n g  va lve ,  and flow-measuring device .  Wake drag  and t r a n s i t i o n  p o s i t i o n  
were measured f o r  s e v e r a l  suc t ion  d i s t r i b u t i o n s ;  f o r  some of  t he se  p o s i t i o n s ,  
d e t a i l e d  boundary-layer surveys were made. From the  t r a n s i t i o n  measurements on 
the  porous model a  semiempirical method i s  der ived  which makes i t  p o s s i b l e  t o  
determine t h e  t r a n s i t i o n  p o s i t i o n  f o r  two-dimensional incompressible  laminar  
boundary l a y e r s  wi th  a r b i t r a r y  p re s su re  and suc t ion  d i s t r i b u t i o n s .  

A v a i l a b i l i t y :  
N69-80548 
A66-19355 



599. Lespinard, Georges: Contribution > l'itude de la transition en couche 
limite: effet de llaspiration pari&tale. Ph. D. Thesis, Univ. of 
Grenoble, 1968. 

The stabilizing influence of wall suction, which is well established for 
small perturbations, at all stages of the transition, is discussed. A method 
providing an effective means of varying the stability of the transition has been 
utilized and a mathematical model for laminar boundary layer has been developed. 
Details are given of the experimental design using a low turbulence wind tunnel 
and a multichannel ionized anemometer. Results of measurement in permanent 
boundary layers, and of the effect of suction at different rates.are presented. 

Availability: 
N70-12306 

600. Citation intentionally removed. 

601. Kozlov, L. F.; and Tsyganyuk, A. I.: Drag on Bodies of Revolution With 
Boundary-Layer Suction. Fluid Mech. - Soviet Res., vol. 5, no. 1, 
Jan.-Feb. 1976, pp. 136-139. 

Experimental results on the effect of distributed boundary-layer suction on 
the drag of a body of revolution moving at zero angle of attack in water are 
presented. The test data confirm that distributed suction of small amounts of 
liquid from the boundary layer is an effective means of boundary-layer control. 
The drag of the controlled section of the body of revolution (a cylinder) was 
reduced in half at Re = 1 to 3.5 x lo6 at a suction flowrate of CQ = 6 x 10-4. 
The experimental data are compared with theoretical results. 

Author 

602. Groth, E. E.: Low Drag Boundary Layer Suction Experiments on an Ogive 
Cylinder Body of  evolution at Supersonic Speeds. Rep. No. NAI-58-851 
(BLC-115), Northrop Aircraft, Inc., Nov. 1958. 

Low drag boundary layer suction experiments on an ogive cylinder body of 
revolution have been conducted at the AEDC tunnel E-1 at ARO, Inc., Tullahoma, 
Tennessee. Laminar flow and low drag coefficients were obtained at Mach num- 
bers 2.5, 3.0 and 3.5. The maximum length Reynolds number with full laminar 
flow decreased from 10.6 - lo6 at M = 2.5 to 4.7 . lo6 at M = 3.5. The rather 
wide spacing between the suction slots and insufficient suction quantities due 
to excessive pressure losses in the ducts seemed to be the main reasons for the 
reduced Reynolds number range at the higher Mach numbers. 



An approximate method f o r  modifying t h e  s tandard  low speed p re s su re  l o s s  
values i n  two- and three-dimensional duc ts  by a  s u i t a b l e  d e n s i t y  c o r r e c t i o n  i s  
presented which confirms the  measured d a t a  with reasonable  accuracy.  

Author 
A v a i l a b i l i t y :  

SN-24021, Nov. 1958 
NAI-58-851 (BLC-115) 
N79-75702 

603. S t r i k e ,  W .  T.; and Donaldson, J. C . :  I nves t i ga t ion  o f  Suct ion Cont ro l led  
Boundary Layer on a  Northrop Model a t  Mach Numbers o f  2 .5 ,  3 ,  and 3.5.  
AEDC-TN-59-80, U.S. A i r  Force,  Ju ly  1959. 

The a p p l i c a t i o n  o f  suct ion-type boundary l a y e r  con t ro l  on a  body o f  revo- 
l u t i o n  (20 c a l i b e r  t angent  ogive)  was exper imenta l ly  i n v e s t i g a t e d  a t  Mach num- 
bers  2 .5 ,  3 ,  and 3.5 over  a  u n i t  Reynolds number range of  .074 t o  1 .0  x  lo6  p e r  
inch.  A s  a  r e s u l t  of t h e  design l i m i t a t i o n s ,  only minor ga ins  were a t t a i n e d  
with maximum suc t ion .  Without s u c t i o n ,  good c o r r e l a t i o n  was ob ta ined  between 
a  t h e o r e t i c a l  laminar s k i n  f r i c t i o n  e s t i m a t e  and d a t a  ob ta ined  du r ing  t h i s  
i n v e s t i g a t i o n .  

Author 
A v a i l a b i l i t y :  

N79-70028 
N-73525 

604. Groth, E. E.: Low Drag Boundary Layer Suction Experiments on a  5% Thick 
Biconvex A i r f o i l  Sec t ion  a t  M = 2.23 and 2.77. Rep. No. NAI-58-195, 
Rep. No. BLC-105 (Contract  No. AF33 (616) -3168) , Northrop A i r c r a f t ,  I nc .  , 
Mar. 1958. (Avai lable  from DDC a s  AD 162 060.) 

Boundary l a y e r  suc t ion  was a p p l i e d  t o  a  20-inch chord 5% t h i c k  biconvex 
wing spanning t h e  t e s t  s e c t i o n  of t h e  Convair OAL supersonic  wind tunne l  a t  
Dainger f ie ld ,  Texas. Laminar flow over  t h e  whole wing chord was produced a t  
Mach numbers 2.23 and 2.77 and a  chord Reynolds number of 12.5 x l o6  over  a  
wide range o f  suc t ion  q u a n t i t i e s .  The drag  c o e f f i c i e n t s  ob t a ined ,  i . e . ,  t h e  
sum o f  t h e  wake drag and equ iva l en t  suc t ion  drag,  were equa l  t o  about  1 .5  t imes 
the laminar  f r i c t i o n  c o e f f i c i e n t  of  a  f l a t  p l a t e  o r  about 27% o f  t h e  t u r b u l e n t  
f r i c t i o n  c o e f f i c i e n t  o f  a  f l a t  p l a t e  a t  t h e  same l eng th  Reynolds number. 

Author 
A v a i l a b i l i t y  : 

SN-24021, Mar. 1958 
N78-75633 
NAI-58-195 
BLC-105 
AD 162 060 

605. Groth,  E. E.: Wind Tunnel Experiments on a  5%-Thick Biconvex A i r f o i l  
Sec t ion  a t  M = 2.23 and 2.77. Rep. No. NAI-57-676, Rep, No. BLC-97, 
Northrop A i r c r a f t ,  I n c . ,  May 1957. (Avai lable  from DDC a s  AD 140 589(b)  . )  



A 20-inch chord 5% biconvex wing spanning t h e  t e s t  s e c t i o n  of  t h e  Convair 
OAL supersonic  wind tunne l  a t  Dainger f ie ld ,  Texas, was t e s t e d  a t  M = 2.23 
and 2.77 f o r  boundary l a y e r  t r a n s i t i o n  measurements. The measured boundary 
l a y e r  p r o f i l e s  a t  M = 2.23 ind i ca t ed  t h a t  t r a n s i t i o n  occur red  a t  40% c ,  
r e s u l t i n g  i n  a t r a n s i t i o n  Reynolds number RT of 5 . 1 ~ 1 0 ~ .  Surface spray  
observa t ions  a t  M = 2.77 showed t r a n s i t i o n  a t  30% c ,  o r  RI, = 3 . 9 ~ 1 0 ~ .  

Author 
A v a i l a b i l i t y :  

SN-24021, Apr. 1957 
NAI-57-676 
BLC-97 
AD 140 589 (b) 
N79-75699 

606. Groth, E. E . :  Low Drag Boundary Layer Suct ion Experiments a t  Supersonic  
Speeds on an Ogive Cylinder  With 29 Closely Spaced S l o t s .  Rep. No. 
NOR-61-162 (BLC-131) , Northrop Corp. , Aug. 1961. (Also a v a i l a b l e  i n  
Summary of  Laminar Boundary Layer Control Research - Volume 11, 
ASD-TDR-63-554, U . S .  A i r  Force,  Mar. 1964, pp. 449-463. (Avai lable  
from DDC a s  AD 605 186 . ) )  

Low drag  boundary l a y e r  suc t ion  experiments on an ogive cy l inde r  were con- 
ducted a t  the  Arnold Engineering Development Center  supersonic  Tunnel E-1 a t  
Tullahoma, Tennessee, a t  Mach numbers 2.5,  3.0 and 3.5. The model had the same 
e x t e r n a l  dimensions a s  t h e  one t e s t e d  i n  1958, b u t  was equipped w i t h  an 
improved suc t ion  system. A l a r g e r  number of c l o s e l y  spaced s l o t s  approached 
continuous suc t ion  t o  a b e t t e r  degree,  and l a r g e r  suc t ion  tubes  permi t ted  
h igher  suc t ion  c o e f f i c i e n t s .  F u l l  laminar flow and drag  c o e f f i c i e n t s  were 
measured up t o  Reynolds numbers RL - 15 X lo6 a t  M = 2.5,  RL - 12 X lo6 a t  
M = 3.0 and RL - 7 x l o 6  a t  M = 3.5. The boundary l a y e r  development a long t h e  
body was computed f o r  s e v e r a l  experimental  suc t ion  and s u r f a c e  p r e s s u r e  d i s -  
t r i b u t i o n s  and t h e  r e s u l t s  were compared with t h e  t e s t  d a t a .  

Author 
A v a i l a b i l i t y :  

NOR-6 1-162 (BLC-131) 
N65-25563 
AD 605 186 

607. S t r i k e ,  W .  T. ; and Pa t e ,  S. : Inves t i ga t ion  of  Boundary-Layer Suct ion on a 
20-Caliber Ogive Cylinder  a t  Mach Numbers 2 .5 ,  3.0,  3.5,  and 4.0. 
AEDC-TN-61-66, U.  S . A i r  Force,  June 1961. 

A second i n v e s t i g a t i o n  was conducted i n  t h e  12-in. , i n t e r m i t t e n t ,  super-  
son ic  wind tunne l  of t h e  von  armi in Gas Dynamics F a c i l i t y  t o  measure t h e  e f f e c -  
t i venes s  of boundary-layer suc t ion  on a 20-cal iber  ogive cy l inde r .  The app l i -  
c a t i on  of  suction-type boundary-layer con t ro l  on t he  ogive was i n v e s t i g a t e d  a t  
Mach numbers 2 .5 ,  3.0, 3.5, and 4.0 over  a u n i t  Reynolds number range from 0.07 
t o  1.03 x lo6  p e r  inch wi th  t h e  model a t  zero angle  of  a t t a c k .  Some a d d i t i o n a l  
d a t a  were ob ta ined  a t  2-deg angle  of a t t a c k  a t  Mach number 3. A s  a r e s u l t  of  
improving t h e  design o f  t h e  suc t ion  system a s i g n i f i c a n t  gain was made i n  reduc- 
i n g  the  n e t  d rag  of the  model a t  Mach number 3 by boundary-layer suc t ion .  The 



presence of  t h e  suc t ion  s l o t s  wi th  no suc t ion  when compared wi th  t h e  s e a l e d  s l o t  
con f igu ra t i on  ( t h a t  i s ,  smooth model) had some in f luence  on t h e  boundary-layer 
c h a r a c t e r i s t i c s  a t  a l l  Mach numbers. 

Author 
A v a i l a b i l i t y  : 

N78-7855 3 
N-97467 

608. Pa t e ,  S. R . :  I n v e s t i g a t i o n  of Drag Reduction by Boundary-Layer Suct ion on 
a 50-Deg Swept Tapered Wing a t  Moo = 2.5 t o  4. AEDC-TDR-64-221, U.S. A i r  
Force,  Oct. 1964. (Avai lable  from DDC a s  AD 450 195.) 

Tes t s  were conducted i n  t h e  40-in. supersonic  Tunnel A o f  t h e  von ~ArmAn 
Gas Dynamics F a c i l i t y  t o  determine t h e  e f f e c t i v e n e s s  o f  boundary-layer suc t ion  
f o r  laminar  flow c o n t r o l  on a t ape red ,  three-dimensional,  50-deg swept super- 
son i c  wing. T e s t  Mach numbers were 2.5,  3 ,  3.5,  and 4 wi th  a Reynolds number 
range (based on boundary - layer  rake l o c a t i o n )  from 4 .3  t o  19.5 m i l l i o n  f o r  
angles  of  a t t a c k  of ze ro  and 23 deg. 

With s u c t i o n ,  fu l l -chord  laminar  flow was maintained f o r  small  angles  o f  
a t t a c k  a t  M, = 2.5,  3 ,  and 3.5 up t o  l eng th  Reynolds numbers o f  17,  12, and 
9 m i l l i o n ,  r e spec t ive ly .  Wake drag,  suc t ion  drag,  and t o t a l  d rag  c o e f f i c i e n t s  
and t h e  corresponding s u c t i o n  c o e f f i c i e n t s  a r e  p re sen t ed ,  a long wi th  f u l l y  
t u r b u l e n t  wake drag  c o e f f i c i e n t s  f o r  t h e  no-suction case .  

Author 
A v a i l a b i l i t y :  

N64-33951 
AD 450 195 

609. Groth, E .  E . :  Low Drag Boundary Layer Suct ion Experiments on a F l a t  P l a t e  
a t  Mach Numbers 2.5,  3 .0 ,  and 3.5. Summary of  Laminar Boundary Layer 
Control  Research - Volume 11, ASD-TDR-63-554, U.S. A i r  Force,  M a r .  1964, 
pp. 428-441. (Avai lab le  from DDC a s  AD 605 186.)  

Low d rag  boundary l a y e r  suc t ion  experiments on a 41-inch long f l a t  p l a t e  
were conducted a t  t he  40- by 40-inch continuous supersonic  Tunnel A of t h e  
Arnold Engineering Development Center a t  Tullahoma, Tennessee. The model was 
equipped wi th  76 c l o s e l y  spaced,  f i n e  s l o t s  arranged i n  e i g h t  suc t ion  chambers. 
F u l l  l eng th  laminar  flow was ob ta ined  a t  M = 2.5 ,  3.0 and 3.5 up t o  t h e  h i g h e s t  
p o s s i b l e  t unne l  p r e s s u r e s ,  r e s u l t i n g  i n  length  Reynolds numbers of  21.8 x l o6 ,  
25.7 x 106 and 21.4 x l o6 ,  r e s p e c t i v e l y .  The measured drag  c o e f f i c i e n t s  (sum of  
wake and suc t ion  drag)  were of  t he  o rde r  of  26 t o  43 p e r c e n t  of the  t u r b u l e n t  
f r i c t i o n  drag  a t  t h e  same Reynolds and Mach numbers. The r e s u l t s  of  ca l cu l a -  
t i o n s  of t h e  laminar boundary l a y e r  development a long  the  p l a t e  a t  t y p i c a l  suc-  
t i o n  d i s t r i b u t i o n s  a r e  compared wi th  the  t e s t  d a t a .  

Author 
A v a i l a b i l i t y :  

N65-25561 
AD 605 186 



610. Groth, E r i c  E . :  Low Drag Boundary Layer Suct ion Experiments on a F l a t  
P l a t e  a t  Mach Numbers 3.0 and 3.5.  Rep. No. NOR-61-251 (BLC-135) , 
Norair  Div.,  Northrop Corp., Oct. 1961. 

A v a i l a b i l i t y :  
NOR-61-251 (BLC-135) 
N79-77141 

611. Jones,  J .  H .  ; and P a t e ,  S. R. : I n v e s t i g a t i o n  of Boundary-Layer Suc t ion  
on a F l a t  P l a t e  a t  Mach Number 3. AEDC-TN-61-128, U.S. A i r  Force,  
Sept .  1961. 

Tes t s  were conducted i n  t h e  40 by 40-in. supersonic  tunne l  (Tunnel A) o f  
t he  von ~ g r m i n  Gas Dynamics F a c i l i t y  t o  determine t h e  e f f e c t s  of  boundary-layer 
suc t ion  on a f l a t  p l a t e  a t  Mach number 3 over  a Reynolds number range from 0.20 
t o  0.64 m i l l i o n  p e r  inch .  

Boundary-layer c h a r a c t e r i s t i c s  a r e  r epo r t ed  f o r  t h e  condi t ion  o f  no suc-  
t i o n ,  and s k i n  f r i c t i o n  c o e f f i c i e n t s  a r e  p re sen t ed  f o r  t h e  condi t ions  o f  suc t ion  
and no-suction. By applying suc t ion ,  a laminar  boundary l a y e r  was maintained a t  
Reynolds numbers up t o  26 m i l l i o n ,  and a cons iderab le  reduc t ion  i n  t h e  n e t  d rag  
r e s u l t e d .  

Author 
A v a i l a b i l i t y :  

N78-78554 
N-102,02 7 

612. Groth, E .  E . :  Boundary Layer Suct ion Experiments on a S l o t t e d  F l a t  P l a t e  
Model With I n t e r f e r i n g  Shock Waves. Summary of Laminar Boundary Layer 
Control  Research - Volume 11, ASD-TDR-63-554, U.S. A i r  Force,  Mar. 1964, 
pp. 442-448. (Avai lable  from DDC a s  AD 605 186. ) 

The i n t e r a c t i o n  of  an impinging shock wave with t h e  laminar  boundary l a y e r  
was i n v e s t i g a t e d  a t  t h e  AEDC Tunnel A on a 41-inch chord f l a t  p l a t e  s u c t i o n  
model by mounting a p l a t e  (shock genera tor )  v e r t i c a l l y  on the  suc t ion  model. 
The shock wave i n t e r s e c t e d  t he  suc t ion  s l o t s  i n  t he  r e a r  h a l f  of  t h e  model under 
an acu t e  angle .  The f l a t  p l a t e  model and i t s  suc t ion  system were t he  same ones 
which were used p rev ious ly  f o r  shock-free low-drag measurements. Laminar flow 
was maintained a f t  o f  t h e  shock wave up t o  c e r t a i n  i n t e n s i t i e s  depending on Mach 
and Reynolds number. The inc reases  i n  suc t ion  q u a n t i t i e s  and t o t a l  d rag  a s  
func t ion  o f  t he  shock i n t e n s i t y  were measured a t  Mach numbers between 2.5 and 
3.5 and Reynolds numbers up t o  26 x lo6 .  

Author 
A v a i l a b i l i t y :  

N65 -25562 
AD 605 186 



613. P a t e ,  S. R . :  The Use o f  Boundary-Layer Suc t ion  f o r  Maintaining Laminar 
Flow Downstream of a Ref lec ted  Incidence Shock Wave on a F l a t  P l a t e  a t  
Free-Stream Mach Numbers 2 .5 ,  3, and 3.5. AEDC-TR-65-81, U.S. A i r  Force,  
May 1965. (Avai lable  f ron  DDC a s  AD 462 130.) 

Tes t s  were conducted i n  t h e  40-in. supersonic  tunne l  of  t h e  von  arma an Gas 
Dynamics ~ a c i l i  t y  t o  determine t h e  e f f e c t i v e n e s s  o f  boundary-layer suc t ion  f o r  
maintaining laminar  flow downstream of a r e f l e c t e d  incidence shock wave on a 
f l a t  p l a t e .  Tes t  Mach numbers were 2 - 5 ,  3,  and 3.5, and the  Reynolds number 
(based on the  boundary-layer rake l o c a t i o n )  ranged from 2.3 t o  26.2 mi l l i on .  
With suc t ion ,  laminar  flow was maintained downstream o f  a two-dimensional 
r e f l e c t e d  incidence shock wave f o r  shock gene ra to r  angles  up t o  5 deg f o r  a l l  
t e s t  Mach numbers. 

Author 
A v a i l a b i l i t y :  

N65-24077 
AD 462 130 

614. Pa t e ,  S. R. ; and Dei te r ing ,  J. S. : I n v e s t i g a t i o n  o f  Drag Reduction by 
Boundary-Layer Suct ion on a F l a t  P l a t e  and a 36-Deg Wing a t  Supersonic  
Speeds. AEDC-TDR-62-144, U.  S. A i r  Force,  Aug. 1962. (Avai lable  from 
DDC a s  AD 282 268.) 

Tes t s  w e r e  conducted i n  t h e  40-in. Supersonic Tunnel o f  t h e  von ~ i r m A n  Gas 
Dynamics F a c i l i t y  t o  determine t h e  e f f e c t i v e n e s s  of  boundary-layer s u c t i o n  f o r  
laminar flow c o n t r o l  on a two-dimensional, biconvex, 36-deg swept wing and on a 
f l a t  p l a t e  wi th  and without  shock impingement. Tes t  Mach numbers were 2 .5 ,  3, 
3.5, and 4 wi th  a Reynolds-number-per-inch range from 0.17 t o  0.66 x lo6 .  

With s u c t i o n ,  f u l l  chord laminar  flow was maintained on t h e  f l a t  p l a t e  a t  
& = 2.5 and 3 a t  l eng th  Reynolds numbers of  22 and 26.5 x l o 6 ,  r e s p e c t i v e l y ,  
which r e s u l t e d  i n  a t o t a l  d r ag  reduc t ion  of  77 and 74 percent .  With s u c t i o n  and 
shock impingement ac ros s  t h e  p l a t e  r e s u l t i n g  from a one-degree shock gene ra to r  
angle ,  f u l l  chord laminar  flow was maintained a t  M, = 2.5,  3, and 3.5 a t  l e n g t h  
Reynolds numbers o f  19.7,  18.9,  and 21.7 x 106, r e spec t ive ly .  On the  36-deg 
swept wing, f u l l  chord laminar flow was maintained with suc t ion  up t o  a l e n g t h  
Reynolds number of  11.3 x 106 a t  M, = 3. 

Author 
A v a i l a b i l i t y :  

N78-74839 
AD 282 268 

615. Groth, E .  E . :  Low Drag Boundary Layer Suct ion Experiments on a 36O Swept 
Wing a t  Mach Numbers 2 .5 ,  3.0, and 3.5. Summary o f  Laminar Boundary 
Layer Cont ro l  Research - Volume 11, ASD-TDR-63-554, U.S. A i r  Force,  
Mar. 1964, pp. 464-480. (Avai lable  from DDC a s  AD 605 186.) 

A 36O swept s u c t i o n  wing o f  3-percent-thick biconvex s e c t i o n  was t e s t e d  a t  
llEDC Tunnel A a t  Mach numbers between 2.5 and 3.5. Laminar flow and low drag  



c o e f f i c i e n t s  were maintained up t o  the h ighes t  tunnel pressures ,  r e s u l t i n g  i n  
length Reynolds numbers of 17, 25 and 20 x lo6 a t  Mach numbers 2.5, 3.0 and 3.5, 
respect ive ly .  The computation of the  laminar boundary l a y e r  development along 
the wing chord f o r  typ ica l  t e s t  conditions provided numerical values of  cross- 
flow Reynolds numbers with f u l l  laminar flow. Two separa te  t e s t s  were conducted. 
The f i r s t  model with the o r i g i n a l  - r e l a t i v e l y  narrow - s l o t s  was successful  a t  
M = 2.5 and i n  the Reynolds number range up t o  R = 13 x lo6  a t  M = 3.0. The 
second model, with wider s l o t s ,  provided s a t i s f a c t o r y  da ta  a t  M = 3.0 and 3.5 
a t  f u r t h e r  increased chord Reynolds numbers. Both models were r a t h e r  s e n s i t i v e  
t o  the  l o c a l  suct ion  q u a n t i t i e s .  

Author 
Ava i l ab i l i ty :  

N65-25564 
AD 605 186 

616.  olds smith, J.: Low Drag Boundary Layer Suction Experiments on a  72O Swept 
Wing Model a t  Mach Number 2.0 and 2.25. Summary of Laminar Boundary 
Layer Control Research - Volume 11, ASD-TDR-63-554, U.S. A i r  Force, 
Mar. 1964, pp. 487-508. (Available from DDC a s  AD 605 186.) 

An inves t iga t ion  was made t o  determine the e f fec t iveness  of  combining the  
advantages of laminar suct ion with sweepback i n  excess of  the  Mach angle f o r  the  
purpose of obtaining low drags on supersonic a i r f o i l s .  This i n i t i a l  inves t iga-  
t i o n  was l imi ted  t o  t h a t  por t ion  of a  wing over which the  flow could be con- 
s idered  two dimensional i n  na ture ,  i . e . ,  t he  region where the  flow f i e l d  was 
s imi la r  t o  t h a t  of an i n f i n i t e  swept a i r f o i l .  Calculat ion of the  drags f o r  such 
an a i r f o i l  i nd ica ted  encouragingly low drags and a  wind tunnel model s imulat ing 
a  long swept a i r f o i l  was designed f o r  Mach 2.0 and t e s t e d  a t  Mach 2.0 and 2.25 
i n  order  t o  confirm the  r e s u l t s  of the  ca lcula t ions .  Although the  measured 
t o t a l  drags were somewhat higher than the  ca lcula ted  values,  they were respect-  
ably low (Cot < 1.4 x 10-3 a t  CL 0.068) f o r  upper wing surf  ace only, and it, $ia 
c l e a r  t h a t  laminar flow is  poss ib le  f o r  supersonic wings swept behind the  Mach 
cone. The approximate l i f t  c o e f f i c i e n t  of  0.068 was determined from measured 
pressures  on the upper surface and an estimated lower surface  pressure  d i s t r i -  
bution. Its value was l e s s  than predic ted ,  b u t  there  is  no ind ica t ion  t h a t  it 
could no t  be increased t o  a  CL = 0.09 o r  b e t t e r  by increas ing t h e  angle of 
a t t ack  o r  design camber of the  a i r f o i l .  Calculations indica ted  t h a t  the  a i r f o i l  
would be s u p e r c r i t i c a l  (supersonic ve loc i ty  component perpendicular to the 
leading edge) a t  Mach 2.25, bu t  because the  l i f t  c o e f f i c i e n t  was lower than pre-  
d ic t ed  the  measured flow was everywhere s u b c r i t i c a l  a t  t h i s  higher Mach Number, 
and the  measured t o t a l  drag coe f f i c i en t s  ( C  < 1.6 x 10"~) indica ted  laminar 
flow. D t 
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