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Considerable care i s  taken i n  the design and cons t ruc t ion  o f  wings t o  

ensure t h a t  the  shape provides the requi red combination o f  l i f t  and drag 

over the f l i g h t  cyc le  and t h a t  the surface i s  aerodynamically smooth. The 

presence o f  ra in ,  i nsec t  deposits o r  i c e  can change the shape o f  the  wing 

and i t s  surface f i n i s h  and t h i s  paper examines the magnitude of the e f f e c t s  

on l i f t  and drag and describes the status o f  c a l c u l a t i o n  methods which can 

prov ide a basic t o o l  f o r  t h e i r  p red ic t ion .  

The problems associated w i t h  f l y i n g  a i rp lanes through heavy r a i n  inc lude 

those associated w i t h  aerodynamic performance. I t  i s  d i f f i c u l t  t o  quan t i f y  

these e f f e c t s  from f l i g h t  experience since they occur usua l ly  together w i t h  

other  e f f e c t s  such as wind shear and downdraft. It i s  known, however, t h a t  

heavy r a i n  can increase the e f f e c t i v e  thickness o f  a wing and cause rough- 

ness which stems from drop impingement and from waviness of the l i q u i d  . 

f i l m .  These e f f e c t s  can, i n  turn, in f luence the  t r a n s i t i o n  from laminar 

t o  tu rbu len t  f l ow  and increase drag wh i l e  decreasing l i f t .  They are s ig -  

n i f i c a n t  a t  a l l  angles o f  a t tack  and can be important a t  the higher angles 

associated w l t h  landing conf igurat ions.  More w i l l  be said o f  t h i s  t op i c  

l a t e r  i n  the course by Dunham. 

Knowledge of i nsec t  contamination i s  less, mainly because the l i k e l y  conse- 

quences are  small. I t  i s  assumed t h a t  the contamination acts as d i s t r i b -  

uted roughness w i t h  maximum height  i n  the region o f  the leading edge. The 

contamination tends t o  be removed a t  h igh  speeds or  i n  the presence o f  

ra in .  

The formation o f  i c e  i s  usua l ly  conf ined t o  the  leading-edge region and 

again has maximum importance a t  the h igh angles o f  a t tack  associated w i t h  

landing and takeof f .  Deicing i s  ca r r i ed  out  where possib le and can avoid 

o r  reduce the problem but, as i s  known from recent  accidents, i c e  can form 

r a p i d l y  on the leading edge o f  wings and in takes w i t h  considerable conse- 

quences f o r  aerodynamic proper t ies .  I c e  formation can a l so  occur a t  c ru i se  

cond i t ions  and t o  an extent  t h a t  l i f t  i s  reduced by an important amount. 

I t  can be considered i n  two ways, the  f i r s t  where the e f f e c t i v e  shape i s  

changed and the second where the i c e  acts as an equivalent  sand-grain 

roughness although both can be important I n  many circumstances. 



The f o l l o w i n g  sec t i on  exarnlnes t he  exper imental  evidence f o r  the  e f f e c t s  

o f  r a i n ,  i n s e c t s  and i c e  on a i r f o i l  performance and cons iders  t he  ex ten t  

t o  which t h e  a v a i l a b l e  i n f o r m a t i o n  can be i n c ~ r p o r a t e d  i n  a c a l c u l a t i o n  

method i n  terms o f  change o f  shape and sur face  roughness. I t  i s  easy t o  

envisage t h a t  a major shape change w i l l  have e f f e c t s  which can be descr ibed 

by t he  same procedures which l e d  t o  the  arrangement o f  the  o r i g i n a l  a i r -  

f o i l .  I n  a s i m i l a r  manner, roughness can be incorpora ted  i n  t h e  s o l u t i o n  

o f  boundary- layer o r  t he  Navier-Stokes equat ions prov ided t he  charac te r -  

i s t i c s  o f  t he  roughness a re  known. Thus t he  exper imental  knowledge o f  

r a i n ,  i n sec t s  and i c e  must be presented i n  t he  form o f  equ iva len t  rough- 

ness. I t  i s  a l s o  known t h a t  t he  environmental  e f f e c t s  can a f f e c t  t he  onset 

o f  t r a n s i t i o n  and, s ince  t h i s  can be impor tan t  w i t h  low Reynolds-number 

a i r f o i l s  and w i t h  at tempts t o  ensure laminar - f l ow a i r f o i l s ,  t h i s  evldence 

i s  a l s o  examined. 

The exper imenta l  i n f o rma t i on  has been used t r a d i t i o n a l l y  i n  t he  form o f  

c o r r e l a t i o n  equat ions and these a r e  reviewed I n  Sec t ion  3. The advantage 

o f  these c o r r e l a t i o n s  i s  t h a t  they can p rov i de  accurate  r ep resen ta t i on  

w i t h i n  t h e  l i m i t e d  range o f  t h e  da ta  bu t  they a r e  r e s t r i c t e d  by t h e i r  l a ck  

o f  a phys i ca l  bas is  f o r  the  equat ion.  

The f o u r t h  sec t i on  o f  t he  paper cons iders  t h e  components o f  a method, based 

on more fundamental equat ions,  t o  c a l c u l a t e  t he  performance o f  a i r f o i l s  as 

a f u n c t i o n  o f  shape, angle  o f  a t t a c k  and Reynolds number. One procedure 

I s  descr ibed I n  g rea te r  d e t a i l  and t he  ways o f  accommodating changes t o  t h e  

a i r f o i l  shape and sur face  roughness a re  considered. I t  i nvo l ves  t he  numer- 

i c a l  s o l u t i o n  o f  conservat ion equat ions i n  d i f f e r e n t i a l  form and has been 

used t o  o b t a i n  r e s u l t s  which a re  presented i n  Sec t ion  5 and a l l o w  app ra i sa l  

o f  t h e  numerical  fea tu res  o f  t he  c a l c u l a t i o n  method and o f  t he  ex ten t  t o  

which i t  can p r e d i c t  t h e  known environmental  e f f e c t s .  

2.0 Exper imental  Evidence 

The e f f e c t s  o f  r a l n  have been examined i n  t he  wind-tunnel  t e s t s  o f  Refer-  

ence 1 and more r e c e n t l y  i n  References 2 and 3. The magnitude o f  t h e  r a l n  

f a l l s  considered stem from arguments s l m i l a r  t o  those o f  Haines and Luers 

( 4 1  who examined t he  records o f  t h e  U.S. weather s t a t i o n s  and concluded 

t h a t  t h e  yea r l y  mean-maximum r a i n f a l l  r a t e  over a 60 see pe r i od  i n  the  



eastern United States ranged from 150 t o  250 m / h .  I t  i s  expected t h a t  

shor te r  term averages w i l l  achieve l a r g e r  values and i t  should be noted 

t h a t  t he  record r a l n f a l l  r a t e  i s  1830 m / h .  Although these t o r r e n t i a l  

r a i n f a l l s  a re  uncommon, i t  i s  des i rab le  t o  know t h e i r  l i k e l y  consequences. 

The average th ickness o f  t he  f i l m  o f  water on a  10m chord a i r f o i l  and fus-  

elage a t  zero angle o f  a t t a c k  was ca l cu la ted  i n  Reference 4  and i s  shown 

on Table 1. I t  i s  u n l i k e l y  t h a t  t h e  d i s t r i b u t i o n  o f  f i l m  th ickness would 

be un i fo rm and increas ing  angle o f  a t t a c k  i s  l i k e l y  t o  lead t o  increased 

th ickness i n  t h e  t r a i l i n g - e d g e  reg ion  s ince the  drag fo rce  between t h e  a i r  

and water w i l l  decrease from around midchord. Thus, t he  t r a i l i n g - e d g e  

reg ion  can be expected t o  support f i l m  thicknesses considerably g reater  

than those o f  Table 1, so t h a t  t he  e f f e c t i v e  shape o f  the  a i r f o i l  can be 

a l t e r e d  by the  r a i n  t o  imply an adverse pressure g rad ien t  i n  t he  a f t  p a r t  

o f  the upper r i d e  o f  t he  a i r f o i l  which i s  reduced by an a d d i t i o n a l  d i s -  

placement o f ,  say, 3  mm. This w i l l  have l i t t l e  importance t o  l i f t  a t  

c r u i s e  b u t  can be more important  a t  h igh  angles o f  a t tack .  

The ra indrops f a l l  on an es tab l ished f i l m  and cause an e f f e c t i v e  roughness 

as does the  ex is tence o f  waviness i n  t he  downstream f low.  So f a r ,  a l l  

t h e o r e t i c a l  at tempts have made use o f  an equ iva len t  sand-grain roughness 

and Table 2, taken from Ref. 4, shows the  sand g r a i n  roughness equ iva len t  

f o r  a  range o f  r a i n f a l l .  The corresponding increase i n  s k i n - f r i c t i o n  drag 

i s  shown on Table 3  and i s  appreciable,  a l though u n l i k e l y  t o  be important  i n  

terms o f  f u e l  consumption f o r  t h e  assumed l i m i t e d  pe r iod  o f  t he  heavy 

r a l n f a l l .  The v a r i a t i o n s  i n  maximum l i f t  c o e f f i c i e n t  and s t a l l  angle 

associated w i t h  t h e  two forms o f  roughness a re  shown I n  Table 4. Taken 

together  w i t h  t h e  expected mod i f ied  a i r f o i l  shape, t h e  e f f e c t s  of t h e  

r a i n f a l l  a re  c l e a r l y  impor tan t  a t  h i g h  angles o f  a t tack .  

The experimental  evidence o f  t he  e f f e c t  o f  r a i n  on a i r f o i l  performance i s  

meager and sometimes con t rad i c to ry .  For example, t he  t e s t s  o f  Ref. 2 on 
6 

an NACA 64-210 a i r f o i l  a t  Rc = 2.6 x  10 w i t h  s l a t  and f l a p s  extended 

showed t h a t  a  l i f t  l oss  o f  up t o  30% was poss ib le  b u t  r e s u l t s  w i t h  the  same 
6 

configuration a t  Rc = 1.8 x  10 showed a  much smal ler  l i f t  loss .  The 

reason f o r  t h i s  d i f f e r e n c e  i s  no t  known b u t  t he  p o s s i b i l i t y  o f  t h e  runback 

water c logg ing  t h e  f l a p  gaps had been mentioned as a  p o s s i b i l i t y .  It has 



Table 1. Average f i l m  th ickness f o r  a symnetrlc a i r f o i l  and 
fuselage a t  0-deg angle o f  a t tack ,  10-m chord 

R a i n f a l l  
ra te ,  
mm/ h 

Calculated 
th ickness 
a i r f o l l ,  

mm 

Estimated 
th ickness 
fuselage 

mm 

c0.2 - 
0.5 o r  less  
0.8 
1 .o 
1 .3  

<o. 2 - 
0.2 o r  l ess  
0.6 
0.9 
1.1  

Table 2. Equivalent  sand-grain roughnesses by r a l n f a l l  r a t e  
on a wlng 

Rain r a t e  
m / h  

k,, mm 

Drop 
Impact 

C ra te r i ng  Waviness 

Table 3. Increase i n  t o t a l  drag due t o  increased wing and fuselage 
f r i c t i o n  drag (747 a i r c r a f t  l and ing  con f i gu ra t i on )  

AC /C , % 

Drop 
OO 

R a i n f a l l  Impact 
r a t e  Cra ter1  ng Waviness 



Table 4.  Reduction i n  maximum l i f t  coefficient and 
angle of at tack a t  s t a l l  due t o  roughness 

ACL/CL, % 
A = ~  

, deg 

max 

Rain rate,  Drop impact F i l m  Orop impact F l  l m  
mm/h c ra te r ing  waviness c ra te r ing  waviness 

a lso been pointed out  t h a t  wlnd tunnel experiments s imulat ing f l i g h t  i n  

r a i n  should be proper ly scaled i n  order t o  model f u l l - s ca le  condi t ions and 

t h a t  t h i s  involves ca re fu l  cons ide ra t ion  o f  the t r ans i  t i o n  process and o f  

wind-tunnel character is t ics .  The added in f luence of  the type o f  surface 

has been demonstrated i n  Reference 3 f o r  a low Reynolds-number a i r f o i l  

(Wortmann FX-67-K-170) w i th  the resu l t i ng  l i f t  and drag coe f f i c i en t s  o f  

Figure 1. I n  these experiments, the equivalent r a i n f a l l  was 440 mm/h and 

the chord Reynolds number 310,000. It i s  evident from the f i gu re  t ha t  the 

maximum l i f t  and minimum drag are obtained w i t h  a dry surface and t h a t  the 

combination o f  simulated r a i n  and a range o f  surface coatings i s  t o  reduce 

l i f t  and Increase drag. The surface w i t h  a clean epoxy gel  may be 

regarded as c losest  t o  t h a t  o f  a comnercial a i r c r a f t  but  the add i t i on  o f  

wet t ing agents I s  re levant  t o  surfaces which have been deiced o r  washed 

w i t h  detergent. It I s  p a r t i c u l a r l y  important t o  observe the magnitude o f  

the decrease i n  l i f t ,  which occurs close t o  the  angle o f  a t tack corres- 

ponding t o  maximum l i f t .  

The e f f ec t s  o f  Figure 1 are, i n  some measure, p a r t i c u l a r  t o  the low 

Reynolds number o f  the inves t iga t lon  so t h a t  i t  may be t ha t  the loca t ion  

o f  t r a n s i t i o n  has been moved forward by the simulated rain. Experiments 

were performed w i t h  three d i f f e r e n t  pos i t ions o f  a boundary-layer t r i p  and 

led t o  the resu l t s  o f  Figure 2, which shows t h a t  e f f ec t s  o f  s im i l a r  mag- 

ni tude t o  those o f  Figure 1 can be achieved I n  the absence o f  the simu- 

la ted  r a i n  by t r i p p i n g  the boundary layer  a t  locat ions up t o  midchord. 

The t r i p  was a 2mm-wide s t r i p  o f  sand gra ins  o f  0.3mn average s ize  so 



Flg .  1. E f f e c t  o f  sur face cond i t i ons  on I l f t  and drag c o e f f l c l e n t  as a 
f u n c t i o n  o f  angle o f  a t t a c k  (Ref. 3 ) .  

F lg.  2. E f f e c t  o f  boundary l a y e r  t r i p  on the  l i f t  and drag c o e f f i c i e n t s  
as a f u n c t i o n  o f  angle o f  a t t a c k  (Ref. 3).  

t h a t ,  as can be seen from Table 2, i t  i s  s i m i l a r  t o  t h e  equ iva len t  sand- 

g r a l n  roughness o f  t h e  slmulated r a l n .  The p o s i t i o n  o f  t r a n s i t i o n  on the  

wings o f  comnercial a l r c r a f t  i s  u s u a l l y  c lose  t o  t h e  lead ing  edge, so t h a t  

the  na ture  o f  t he  sur face i s  l ess  important  b u t  t h e  d i f f e rences  between 

the  d ry  r e s u l t s  and those obta ined w i t h  s imulated r a i n  and the  ge l  coat,  

F igure  1, i n d i c a t e  the  l i k e l y  e f f e c t  o f  heavy r a l n .  I n  add i t i on ,  novel  



deslgns i n v o l v i n g  procedures t o  ma in ta i n  laminar  f l o w  must take account o f  

t he  i m p l i c a t i o n s  o f  F igures 1 and 2. 

Exper imenta l l y  based i n f o rma t i on  o f  t h e  e f f e c t s  o f  i n s e c t  contaminat ion i s  

l ess  than t h a t  f o r  r a i n  o r  i ce ,  i s  con f ined  t o  low speeds and has been 

cons idered main ly  i n  r e l a t i o n  t o  t he  l o c a t i o n  o f  t r a n s i t i o n .  Th is  i s  an 

impor tan t  aspect o f  laminar  c o n t r o l  s ince  i n s e c t  contaminat ion f i r s t  

appears near t he  lead ing  edge so t h a t  laminar  f l o w  can be l o s t  i f  a c r i t -  

i c a l  l e v e l  i s  exceeded. I t  has been found t h a t  i n s e c t  contaminat ion ac t s  

as d l s t r l b u t e d  roughness and i n  t h i s  sense i t  may be t r e a t e d  by computa- 

t i o n a l  methods once t h e  s t a t i s t i c a l  p r o p e r t i e s  o f  l n sec t s  a r e  known. 

Experiments i n d i c a t e  t h a t ,  f o r  contaminat ion t o  occur, a minimum speed, 

probably  d i f f e r e n t  f o r  d i f f e r e n t  species, has t o  be exceeded so t h a t  the  

i nsec t s  b u r s t  on impact and adhere t o  t he  surface. Impact reg ions o r  

capture areas can be ca l cu l a ted  by computer programs used f o r  water-  

d r o p l e t  t r a j e c t o r y  and Impingement c a l c u l a t i o n  by s u b s t i t u t i n g  f o r  i n s e c t  

mass and drag c o e f f i c i e n t .  Experiments made on 5-foot-chord a i r f o i l s  a t  
6 

Rc - 7 x 10 w i t h  f r u i t  f l i e s  showed maximum roughness he igh ts  i n  
t he  range o f  0.015 - 0.030 inches can occur near t he  s tagna t ion  p o i n t  

(Ref. 5 ) .  I t  was found t h a t  t h e  roughness h e i g h t  decreased r a p i d l y  w i t h  

d i s t ance  from t h e  lead ing  edge and t he  e f f e c t  o f  t h i s  l o c a l  bu i l dup  on t he  

a i r f o i l  performance was smal l .  The experiments were, however, r e s t r i c t e d  

t o  low angles o f  a t t a c k  and l a r g e r  e f f e c t s  can be expected a t  l a r g e  angles 
because t he  area o f  peak v e l o c i t y  may occur no t  f a r  f rom t h a t  o f  i n s e c t  

Impact. Q u a n t i f i c a t i o n  o f  t h i s  hypothesis can be obta ined w l t h  t he  ca lcu -  

l a t i o n  method o f  Sec t ion  4. Al though no d i r e c t  t e s t s  o f  i n s e c t  contami- 

n a t i o n  e f f e c t  on maximum l i f t  a re  ava i l ab l e ,  i t  can be assumed t h a t  i t  

would be s i m i l a r  t o  t h a t  o f  a d i s t r i b u t e d  roughness. 

I t  i s  ev i den t  f rom Refs. 6 t o  10, t h a t  I c e  a c c r e t i o n  may a f f e c t  t h e  aero- 

dynamic c h a r a c t e r i s t i c s  o f  a i r f o i l s  by reduc ing C and i nc reas ing  
Q max 

drag. Two types o f  i c e  may form, r ime i c e  where low temperatures and 

v e l o c i t i e s  a l l o w  supercooled water d r o p l e t s  t o  f reeze  on impact w i t h  a 

r e s u l t i n g  a c c r e t i o n  s i m i l a r  t o  t h a t  o f  F i gu re  3a and g laze  i c e  a t  temper- 

a tu res  j u s t  below f r e e z i n g  so t h a t  water d r o p l e t s  f l o w  a long t he  sur face 

and f reeze  t o  g laze- i ce  forms s i m i l a r  t o  those o f  F igure  3b. Both types 

o f  I c e  can i n f l u e n c e  l i f t  and drag cons iderab ly  by t he  mod i f ied  shape o f  



F ig .  3. Typ ica l  ( a )  r ime and (b )  g laze  i c e  acc re t i ons  on the  leading-edge 
o f  an a i r f o i l .  

t he  effective a i r f o i l ;  they a l s o  c o n t r i b u t e  t o  added drag, and reduced 

l i f t ,  through sur face  roughness. 

The I n f l uence  o f  I c e  a c c r e t i o n  on t h e  aerodynamic p rope r t i es  o f  a i r f o i l s  

has been i nves t i ga ted  exper imenta l l y  over many years. I n  t he  19501s, the 

NACA i n v e s t i g a t e d  t he  e f f e c t s  o f  i c e  on a i r f o i l  performance and some o f  

these r e s u l t s  can be found I n  t h e  work o f  Gray and Von Glahn [ 6 ]  who 

examined NACA 65-212 and 65A004 a i r f o t l s  and showed the  adverse e f f e c t s  o f  

i c e  on t he  i n t e g r a t e d  l i f t ,  drag and moment. Other i nves t i ga t i ons ,  such 

as t h a t  by Korkan e t  a l .  [7 ] ,  q u a n t i f i e d  t h e  e f f e c t s  o f  s imulated I c e  

shapes on a i r f o i l  performance and, more recen t l y ,  8ragg and C o i r i e r  [ 9 ]  

s lmu ls ted  a  measured g laze  I c e  a c c r e t i o n  on a  wooden 21-inch chord NACA 

0012 a i r f o i l  and repor ted  measurements o f  su r face  pressures, l i f t  and 

moment c o e f f i c i e n t s  and a  wake survey t o  p rov i de  a i r f o i l  drag. The sepa- 

r a t i o n  bubble was exp lored by measuring t he  time-averaged v e l o c i t i e s  us ing  

a  s p l i t - f i l m  probe and v e l o c i t y  p r o f i l e s  were obtafned i n  t he  separa t ion  

bubble f o r  severa l  chordwise s t a t i o n s  a t  t h ree  angles o f  a t t ack .  The 

r e s u l t s  show t h a t  t h e  i c e  shape caused a  severe r educ t i on  i n  l i f t  and sub- 

s t a n t i a l  increase i n  drag. 

A comprehensive i n v e s t i g a t i o n  o f  t he  e f f o r t s  o f  a c c r e t i o n  o f  f r o s t  and 

var ious  i c e  format ions has been repor ted  by Roed [ l o ]  who presents va r i a -  

t i o n s  I n  l l f t  c o e f f i c i e n t  measured w l t h  a  s i n g l e  a i r f o i l ,  w i t h  a  t r a i l i n g  

f l a p  and w i t h  extended s l a t  and f l a p .  The measurements (111 were obta ined 

i n  a  wind tunnel  and show very  l a r g e  m o d i f i c a t i o n s  o f  the  curve o f  l i f t  



aga ins t  ang le  o f  a t t ack ,  p a r t i c u l a r l y  w i t h  t h e  t r a i l i n g  edge extended. The 

ang le  o f  a t t a c k  corresponding t o  C L  max can be changed f rom 9 t o  1 degree 

w i t h  corresponding reduc t i on  i n  CL max f rom 3.5 t o  2.8. With t h e  m u l t i -  

element c o n f l g u r a t l o n ,  corresponding reduc t ions  i n  C f rom 4.3 t o  3.3 
L max 

were observed. 

I t  i s  ev i den t  t h a t  t he  main e f f e c t  o f  i c e  a c c r e t i o n  i s  t o  change the  shape 

o f  t he  a i r f o i l  and so modify i t s  performance. The p r e d i c t i o n  o f  the  f l o w  

c h a r a c t e r i s t i c s  which r e s u l t  f rom the  acc re t i ons  can be achieved by the  

s o l u t i o n  o f  i n v i s c i d  and v iscous- f low equat ions and i n t e r a c t i o n  o f  the  

s o l u t i o n s  o r  o f  t he  Navier-Stokes equat ions.  As has been shown i n  va r ious  

papers, f o r  example Reference 12, i n t e r a c t i o n  between t h e  i n v i s c i d  and 

viscous f l o w  equat ions becomes i n c r e a s i n g l y  necessary as t he  angle  o f  

a t t a c k  i s  Increased. I n  add i t i on ,  i t  i s  d e s i r a b l e  t o  make p r o v i s i o n  f o r  

t he  roughness o f  the  i c e  sur face i n  a general  manner which w i l l  a l s o  

accomnodate the  r e l a t e d  roughness e f f e c t s  o f  r a i n  and i n s e c t  contaminat ion.  

To p rov i de  t h i s  g e n e r a l i t y ,  and t o  pe rm i t  t h e  i n c l u s i o n  o f  a c c r e t i o n  model, 

an i n t e r a c t i v e  boundary-layer procedure, based on t h e  s o l u t i o n  o f  d i f f e r -  

e n t i a l  equat ions i n  f i n i t e - d i f f e r e n c e  form i s  advocated and a p r e f e r r e d  

approach i s  descr ibed i n  Sect ion 4. 

3.0 Data Co r re l a t i ons  

Roughness caused by r a i n ,  f r o s t ,  snow o r  f r e e z i n g  f o g  adher ing t o  t he  wing 

sur face,  l a r g e  accumulations o f  i n s e c t  deb r i s  and badly  chipped p a i n t  can 

p l a y  an impor tant  r o l e  on a i r c r a f t  f l i g h t  performance. These adverse 

e f f e c t s  a re  addressed I n  t h e  Federal  A i r  Regula t ions and have rece ived 

cons iderab le  a t t e n t i o n  i n  t h e  pas t  severa l  years.  Due t o  t h e  immense com- 

p l e x i t y  o f  t he  problem, however, es t ima t i on  o f  t h e  roughness e f f e c t s  a re  

p r e s e n t l y  l i m i t e d  t o  da ta  c o r r e l a t i o n s .  Computational methods which o f f e r  

broader appl  l c a b i l  i t y  , accuracy an fundamental understanding a re  very new, 

as discussed by Shaw (13,141 and t h e i r  development has so f a r  been l i m i t e d  

t o  a i r f o i l s .  Before we d iscuss these recen t  and advanced computat ional  

methods f o r  a i r f o i l s  and t h e i r  poss i b l e  ex tens ion  t o  wings, empennage, 

p r o p e l l e r s ,  r o t o r s  and even tua l l y  f o r  complete a i r c r a f t  con f i gu ra t i ons ,  i t  

I s  u s e f u l  t o  rev iew t he  c o r r e l a t i o n s  which p rov i de  i n s i g h t  i n t o  t h e  e f f e c t s  

o f  smal l  amounts o f  wing-surface roughness on a i r c r a f t  f l i g h t  performance. 

I n  addi  t i o n ,  the  shortcomings o f  c o r r e l a t i o n s  f o r  p r e d i c t i n g  t he  e f f e c t s  



of  I c e  on l l f i  and drag o f  a i r f o l l s  are considered. Prevlous reviews o f  

performance degradation s f  p rope l le rs ,  he l i cop te r  r o t o r s  (hover and forward 

f l i g h t )  and complete a i r c r a f t  are ava i l ab le  I n  References 14 t o  20. 

As discussed by Brumby [21] f o r  f u l l  wing-span upper surface roughness 

beginning a t  the leading edge and extending vary ing distances a f t ,  t y p i c a l  

e f fec t s  are a reduct ian o f  the maximum l i f t  c o e f f i c i e n t  ( increase i n  s t a l l  

speed), a reduct ion i n  the angle o f  a t tack  a t  which s t a l l  occurs and a 

rap id  p o s t - s t a l l  drag increase (see Fig. 4). The e f f e c t s  become more 

severe as the s i ze  and chordwise extent  o f  the  roughness Increase and they 

may be accompanied by a reduct ion i n  l i f t  a t  a given angle o f  a t tack  and 

by an increase i n  the  pa ras i te  drag. 

Figure 5 shows Brumby's c o r r e l a t i o n  o f  wind tunnel and f l i g h t  data and the 

e f fec ts  o f  surface roughness on the maximum l i f t  c o e f f i c i e n t  o f  a wing. 

The m a j o r i t y  o f  the data are  from two-dimensional t es t s  bu t  the  fou r  . 

f lagged po in ts  represent data obtained from three-dlmensional swept sur- 

faces and appear t o  conf i rm t h a t  the  c o r r e l a t i o n  i s  app l icab le  t o  wings. 

The data are f o r  two general types o f  roughness on wings w i thout  leading- 

edge h i g h - l i f t  devices. The s o l i d  symbols i n d i c a t e  data f o r  d i s t r i b u t e d  

(sand-grain type) roughness a t  the leading edge, o r  on the  e n t i r e  upper 

surface, and the  open symbols correspond t o  l oca l i zed  fu l l -span 

f--'- "URGE" ROUGHNESS 

I 

"MEDIUM" 
4 - - - , ROUGHNESS --.I-. 

"LARGE" 

Fig. 4. Typical e f f e c t  o f  surface roughness a t  the leading edgean aero- 
dynamic cha rac te r i s t i cs .  
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SIMULATED FROST 
SIMULATED WING ICE 
YMULATED ICE ROUCHNESS 

Fig.  5. Reduction o f  maximum l i f t  c o e f f i c i e n t  due t o  wing sur face 
roughness. 

disturbances a t  var ious chordwise s ta t i ons .  It i s  c l e a r  t h a t  l a r g e  

decreases i n  CL w i t h  r e s u l t a n t  l a r g e  increases i n  s t a l l  speed, can 

occur due t o  comparat ively minor wing sur face disturbances. 

Bragg e t  a l .  [20] c l a i m  t h a t  Brumby's c o r r e l a t i o n ,  w h i l e  usefu l  i n  estima- 

t i o n  of changes i n  CL ,,, i s  l i m i t e d  i n  t h a t  i t  contains no Reynolds 
number e f f e c t s  and l i t t l e  d e t a i l  o f  t h e  ac tua l  roughness o r  i t s  dens i ty .  

As a consequence, i t  f a i l s  t o  p r e d i c t  t he  measured r e s u l t s  o f  increased 

'L M Y  
due t o  i c e  accret ions.  

An e a r l y  c o r r e l a t i o n  equat ion f o r  the  e f f e c t s  o f  i c e  on drag was formulated 

by Gray [ 2 2 ]  and based on the  da ta  c o l l e c t e d  i n  t he  NASA Lewis I c i n g  

Research Tunnel ( I R T )  p r i m a r i l y  i n  t he  1950's. It i s  bes t  su i t ed  f o r  g laze 

cond i t ions  and Fig.  6, taken f rom Ref. 14, shows t h a t  I t  provides guidance, 

though the pred ic ted  drag r i s e  i s  o f t e n  too  la rge .  More recent ly ,  Bragg 

[23] developed a r ime- ice co r re la t i on ,  a l s o  based on the  data gathered I n  

the  NACA IRT. F l e m i n g  [18] acquired a l a r g e  data base i n  the  Canadlan 



Fig. 6. Gray's drag r i s e  c o r r e l a t i o n  f o r  two a i r f o i l s :  (a)  NACA 0012 (b) 
NASA MS(1)-0317, both taken from Ref. 14. 

a 

NRC high-speed i c i n g  wind tunnel  f o r  a ser ies  o f  reduced scale r o t o r  a i r -  

f o i l  sect ions which he used t o  develop a ser ies  o f  c o r r e l a t i o n s  f o r  the  

drag r l s e  due t o  i c e  accretions. F igure  7 shows F l e m i n g ' s  c o r r e l a t i o n  f o r  

the  same two a i  r f o i  1s as Fig.  6, a1 so taken from Ref. 14 and t h a t  cont rary  

t o  Gray's co r re la t i on ,  i t  provides a lower drag r i s e .  

I t  i s  ev ident  from the  r e s u l t s  discussed above and from the  a d d i t i o n a l  

examples o f  Ref. 14, t h a t  t he  experimental da ta  i nvo l ve  e f f e c t s  no t  repre- 

sented by the  c o r r e l a t i o n  equations. They a r e  conf ined main ly  t o  drag and 

do no t  Inc lude terms t o  take account o f  known e f f e c t s  such as those o f  

Reynolds number, a i r f o i l  shape and s la t s .  There i s  a c l e a r  need f o r  a 

procedure whlch w i l l  represent  the  aerodynamic p rope r t i es  o f  t he  f l o w  

around a i r f o i l s  c o r r e c t l y  and w i l l  a l l o w  c o r r e c t  representa t ion  o f  l a r g e  

changes i n  geometry, such as those associated w i t h  accret ions o f  r ime and 

g laze ice ,  as w e l l  as the  smal ler  changes associated w i t h  f r o s t ,  i nsec ts  

and r a i n .  I t  i s  a l s o  des i rab le  t h a t  t h i s  procedure should be ab le  t o  deal 

w i t h  the  three-dimensional e f f e c t s  o f  r e a l  a i rp lanes .  The f o l l o w i n g  sec- 

t i o n  addresses these needs. 



Fig. 7. Flemning8s drag r i s e  c o r r e l a t i o n  f o r  two a i r f o i l s :  (a) NACA 0012 
(b)  NASA MS(1)-0317, both taken from Ref. 14. 

4.0 Numerical So lu t ion  Procedures 

The development o f  d i g i t a l  computers, and t h e i r  a b i l i t y  t o  solve many alge- 

b r a i c  equations i n  a shor t  time, has spawned considerable e f f o r t s  t o  solve 

the  conservat ion equations o f  f l u i d  mechanics and heat t rans fe r  i n  d i f f e r -  

e n t i a l  form. I n  the f i e l d  o f  aerodynamics, these numerical so lu t i on  

procedures have been d i rec ted  t o  the  s o l u t i o n  o f  reduced forms o f  the 

Navier-Stokes equations and p a r t i c u l a r l y  t o  i n t e r a c t i v e  boundary-layer and 

th in - layer  Navier-Stokes equations. Reviews, such as t h a t  o f  Cebeci and 

Whitelaw [25] show t h a t  use fu l  ca lcu la t ions  can already be performed f o r  

two- and three-dimensional f lows and over an extensive range o f  angle o f  

at tack.  

Two approaches have been used t o  ob ta in  the r e s u l t s  o f  Sect ion 5, and are  

based on the i n t e r a c t i v e  boundary-layer procedure o f  Cebeci e t  a l .  [12] and 

on the th in - layer  Navier-Stokes procedure developed a t  NASA Ames [26, 271. 

The fo l l ow ing  paragraphs prov ide ou t l i nes  o f  these two approaches and Sub- , 

sec t ion  4.1 a more de ta i l ed  desc r ip t i on  o f  the  i n t e r a c t i v e  procedure, which 

has been used t o  ob ta in  most o f  the r e s u l t s  o f  Sect ion 5. The turbulence 



model and the rnodlf lcat lons necessary t o  deal w l t h  rough surfaces a re  

considered I n  Subsection 4.2. 

The l n t e r a c t l v e  procedure lnvs lves s o l u t l o n  o f  I nv i sc ld - f l ow  equations and 

o f  boundary-layer equatlons. The r e s u l t s  o f  Sect ion 5 were obtained w l t h  

steady, two-dimensional equatlons. The l n v l s c l d  f l ow  was determined by 

conformal mapping and by a panel method and the boundary-layer equatlons, 

w l t h  tu rbu len t  d l f f u s l o n  represented by an eddy-vlscoslty approach, were 

solved by the  two-polnt f i n i t e - d i f f e r e n c e  method o f  Ke l l e r .  I n t e r a c t l o n  

between the l n v l s c l d  and vlscous f lows was achieved by a b lowing-veloc i ty  

d l s t r l b u t i o n  whlch was l i nked  t o  the dlsplacement-thickness d l s t r l b u t i o n  

through the H l l b e r t  I n teg ra l .  Where separat lon was encountered, the  equa- 

t i o n s  were solved I n  Inverse form w l t h  the  FLARE approxlmatlon whlch neg- 

l e c t s  l ong i tud ina l  convection I n  the r e c l r c u l a t l o n  reglon. The same 

approach was taken I n  the wake where the d l v l d l n g  streamllne was computed 

from the  l n v l s c l d  f l ow  as a l l n e  having constant stream func t l on  and was 

used by the l n v l s c l d  method t o  apply the  blowlng v e l o c l t y  requlred t o  

simulate the dlsplacement thickness and t o  compute the l n v l s c l d  ve loc l t y .  

An l n v l s c l d  p o l n t  d l s t r l b u t i o n  I n  the  wake was def ined on whlch the wake 

ve loc l  t y  d i s t r l b u t l o n  was determined. Thls requl red I n t e r p o l a t i o n  of the 

boundary-layer blowlng v e l o c l t y  onto the  l n v l s c l d  points .  I n  add i t ion ,  the 

computed i n v l s c l d  v e l o c l t y  was In te rpo la ted  back t o  the  boundary-layer 

po ln ts  by making use o f  the computed v e l o c l t y  a t  the t r a l l l n g  edge as the 

l n l t l a l  wake po ln t .  I n  the Immediate v l c i n l t y  o f  the t r a l l l n g  edge, par- 

t i c u l a r  care was requlred I n  the choice o f  the  loca t lons  a t  whlch values 

o f  the blowlng v e l o c i t i e s  were app l ied  I n  the  so lu t l on  o f  the  l n v i s c l d  

equatlons. Further d e t a l l s  a re  provlded I n  the fo l l ow ing  subsection. 

The th in - l aye r  Navler-Stokes equatlons are  genera l l y  re fe r red  t o  I n  the 

l i t e r a t u r e  as TLNS equatlons and are obtalned by neglect ing streamwise and 

spanwlse de r i va t i ves  o f  the vlscous and turbulence stress, conductive heat- 

f l u x  terms, and any term Invo l v ing  mixed der lva t ives .  These approxlrnatlons 

are j u s t l f  l e d  e l  t he r  by order o f  magnl tude arguments o r  by conslderat lon 

o f  computatlonal accuracy argument (28,291. The TLNS equatlons have been 

proposed mainly on the  computational argument. The form of  t he  equations 

genera l l y  used does not  s a t i s f y  re la t l onsh lps  between met r ic  c o e f f l c l e n t s  

i n  d l f f u s l v e  and conduction terms but  the  r e s u l t i n g  e r r o r  I s  usua l ly  

I n s l g n l f l c a n t ,  except when the e f f e c t i v e  v l s c o s l t y  I s  r e l a t i v e l y  large.  



In addition, longitudinal-curvature diffusive terms are neglected as a 

consequence of the Cartesian velocity components. 

An implicit numerical method was used to solve the TLNS equations and is 

based on that of Ref. 30. Since only steady-state computations are of 

interest, a diagonal form for the Euler equations and a spatially varying 

time step were used. Reference 27 provides a description of the numerical 

scheme to obtain the results presented here. The turbulence model incor- 
porated in the code is described in Ref. 31. 

4.1 Interactive Boundary-Layer Procedure 

The outline of the interactive approach provided above is expanded in this 
section so as to allow more detailed assessment of its features. The 

conformal-mapping method for the solution of the inviscid-flow equations 

has been described extensively In the paper by Halsey [32] and the panel 

method by Hess and Smith [33j to which the reader is referred for further 

information. 

The boundary-layer equations are solved in their two-dimensional form, 

where b = 1 t cm/u and cm is defined by a form of the eddy-viscosity formu- 

lation of Cebeci and Smith [34] discussed in Subsection 4.2. For wall 

boundary-layer flows, the boundary condition may be written as 

and for the asymnetric wakes of airfoils, 

y + -&a, u = ue, y = y*, v I 0, y + u = ue (4) 

Here 6% and dU denote the lower and upper wake boundary-layer thicknesses. 
respectively, with y* representing the dividing streamline assumed to be 

given. The above equations assume that there is no pressure gradient 

across the shear layer but the corresponding constraint can be removed for 

strongly curved wakes. 



The s o l u t i o n  of Eqs. (1 )  and (2)  can a lso  be obtained by a  procedure i n  

which the  external  v e l o c i t y  i s  computed as p a r t  o f  the so lu t ion .  This 

procedure i s  known as the inverse problem and i s  essent ia l  t o  remove the 

s i n g u l a r i t y  associated w i t h  an external  boundary cond i t ion  based on a  

spec f f led  d i s t r i b u t i o n  o f  ue. It i s  necessary t o  speci fy  an add i t i ona l  

boundary cond i t ion  i n  add i t i on  t o  the boundary condi t ions given by Eqs. (3) 

and ( 4 )  s ince ue(x) now represents an unknown and, i n  the i n t e r a c t i v e  

scheme o f  Cebeci e t  a l .  (121, t h i s  i s  accomplished by r e w r i t i n g  the exter-  

na l  ve loc i t y ,  u  ( x )  as 
e  

where u:(x) denotes the  i n v i s c i d  v e l o c i t y  and 6ue(x) i s  the per tu rba t ion  
v e l o c l t y  due t o  vfscous e f fec ts .  The l a t t e r  i s  re la ted  t o  the blowing 

v e l o c i t y  induced by the boundary l aye r  by a  v a r i a t i o n  o f  the H l l b e r t  

i n t e g r a l  

d  a aue(x) = f jXb & (uea*) - s - a  
'a 

w i t h  the  i n t e r a c t i o n  region l t m i t e d  t o  a  f i n i t e  range xa < x  5 x  
b  ' 

Fol lowing Cebeci and Clark (351, we w r i t e  Eqs. ( 5 )  and (6)  as 

Here c  denotes the i n t e r a c t i o n - c o e f f i c i e n t  mat r ix ,  which i s  obtained 
i j 

from a  d i sc re te  approximation t o  the H i l b e r t  I n t e g r a l  i n  Eq. (6 ) .  I n  t h i s  

form, Eq. (7a) represents an outer  boundary cond i t i on  f o r  the inverse prob- 

lem. I t  can be general ized t o  the  form 

k  
where ue(x) corresponds t o  the i n v i s c i d  v e l o c i t y  d i s t r i b u t i o n  which 

k  contains the displacement e f f e c t  (6*) computed from a  previous sweep. 

The s o l u t i o n  o f  Eqs. (1 )  and (2)  f o r  the inverse problem i s  now obtained 

subject  t o  Eqs. (3 )  f o r  wa l l  boundary layers and t o  Eqs. (4 )  f o r  wake f lows 

w i t h  ue(x) given by Eq. ( 5 ) .  I t I s  convenient t o  express the above 



equations i n  terms of transformed coardlnates and, w i t h  uo denot lng a 
constant reference ve loc i t y ,  we jntroduce the  t ransformat ion 

With primes denot ing d i f f e r e n t i a t i o n  w i t h  respect t o  0, Eqs. (1)  and (2 )  

and t h e i r  boundary condi t ions on the a i r f o i l  and i n  the wake can be w r i t t e n  

i n  the  fo l l ow ing  form: 

1 dw a f  
( b f " )  + - f f "  + XW - = x ( f l  - a f 

2 d x ax - f "  ax) 
On the a i r f o i l  

n = 0, f = f l = O  (9a) 

I n  the wake 

1 s -  
n% f '  = w; 9 = n*, f = O  (10a) 

where 

Here w denotes the  dimensionless ex te rna l  v e l o c i t y  u /u and the  par- 
e o 

ameter g which r e s u l t s  from the  d i s c r e t e  approximation t o  the H i l b e r t  
i ' 

i n t e g r a l  Eq. ( 6 ) ,  i s  g iven by 

where 

The expression f o r  g, on the  wake i s  near ly  i d e n t i c a l  t o  t h a t  f o r  the 

a i r f o i l ,  Eq. (11). except t h a t  now Eq. (12) i s  g iven by 

The numerical s o l u t i o n  o f  Eq. ( 8 )  subject  t o  the boundary condi t ions g iven 

by Eqs. (9 )  and (10) has been obtained w i t h  K e l l e r ' s  Box method which i s  

an e f f i c i e n t ,  second-order f i n i t e - d i f f e r e n c e  method ex tens ive ly  used by 



Cebeci and h i s  associates f o r  a wide range o f  f lows, as discussed i n  (361. 

The procedure f o r  wake flows 9s novel and has some des i rab le  features which 

a l l ow  the  c a l c u l a t i o n  o f  t h i c k  separated boundary layers by the  extension 

o f  the interactive scheme. As i n  the s o l u t i o n  o f  wa l l  boundary-layer 

f lows, we assume 

and w r i t e  Eq. (8 )  as a f i r s t - o r d e r  system 

The Mechul-function formulat ion (371 i s  used t o  ob ta in  s tab le  so lu t ions  t o  

the above equations and t o  reduce t h e l r  s e n s i t i v i t y  t o  the boundary condi- 

t l o n s  which invo lve  f and fa. Since both s and w are funct ions o f  
u 

w only, we w r i t e  

s '  = 0 (14d) 

and the  boundary condi t ions f o r  the system given by Eq. (14) become 

n = -nag U = W, s = fa ;  q = n * ,  f - 0  ( l s a )  

The system o f  Eqs. (14) and (15) a re  solved by the  procedure described i n  

Ref. 36. A f t e r  the f i n i t e - d i f f e r e n c e  approximations t o  Eqs. (14) a re  

wr i t t en ,  the r e s u l t i n g  nonl inear  a lgebraic  system i s  l i nea r i zed  by Newton's 

method and the  l i n e a r  system i s  then solved by the  b lock-e l iminat ion 

method. 

I n  computing a i r f o i l  f lows w i t h  separat ion [12] ,  again the FLARE approxi- 

mation was used t o  ob ta in  s tab le  so lu t ions  on the  a i r f o l l  and i n  the wake. 

As the extent  o f  the separat ion region Increased, however, Cebeci e t  a l .  

[12] introduced an add i t i ona l  i t e r a t i v e  scheme based on a cont inuat ion  

method a t  the s t a r t  o f  the wake ca lcu la t lons .  With uref corresponding 

t o  a nonseparating v e l o c i t y  p r o f i l e  constructed somewhat a r b i t r a r i l y  from 

the  separated v e l o c i t y  p r o f i l e  a t  the  t r a i l i n g  edge an i n i t i a l  v e l o c i t y  

p r o f i l e  was def ined by 



U = Uref + n(U - Uref) n = 00, 0.50, 1.0 (1  6 )  

and the boundary-layer s o l u t i o n  was computed a t  the first p o i n t  on the wake 

w i t h  n = 0. The s o l u t i o n  was repeated f o r  other  values o f  n u n t i l  converg- 

ence. The procedure was appl ied f o r  each p r o f i l e  i n  the wake w i t h  separa- 

t i o n  and was necessary a t  h igher  angles o f  a t tack  near s t a l l  condi t ions.  

For a d d i t i o n a l  d e t a i l s ,  see Choi [38] .  

4.2 Eddy-Viscositv Formulation 

The presence o f  v I n  b requi res a turbulence model and i n  Ref. 12, the 
t 

a lgebra ic  eddy-viscosity formulat ion of Cebeci and Smith [34] was used f o r  

llcleanll a i r f o i l s .  According t o  t h i s  forntu lat ion f o r  w a l l  boundary-layer 

f lows, v i s  def ined by two separate formulas, given by 
t 

where w i t h  K = 0.4 

The cond i t i on  used t o  de f i ne  y i s  the c o n t i n u i t y  o f  the eddy v i scos i t y ;  
C 

from the  wa l l  outward Eq. (17a) i s  app l ied  u n t i l  i t s  value i s  equal t o  the 

one g iven by Eq. (17b).  I n  Eq. (17). ytr i s  an i n te rm i t t ency  f a c t o r  

whlch accounts f o r  the  t r a n s i t i o n a l  region between a laminar and tu rbu len t  

f l ow  and i s  given by 

Here G i s  an empi r ica l  parameter whlch, w i t h  xtr denoting the l o c a t i o n  

the  t r a n s i t i o n  Reynolds number of the s t a r t  of t r a n s i t i o n  and xtr 
R defined by xtr = (uex/v) tr, I s  g iven by 



Accordlng t c  the Cebecl-Smith (CS) model, the parameter a i n  Eq. (17b) 

I s  equal t o  0.0168 f o r  values o f  Re greater  than 5000, and i s  gtven by 

the  expresslon I n  [ 3 4 ]  f o r  Re less than 5000. Studies Indlcate.  how- 

ever, t h a t  i n  f lows w i t h  s t rong pressure gradlent ,  the value o f  a should 

a l so  be changed when f i g  > 5000. For t h i s  purpose Cebecl e t  a l .  use an 

expression f o r  a t o  account f o r  s t rong adverse pressure gradient  e f fec ts  

as discussed i n  Ref. 12. 

The above eddy-viscosity fo rmula t ion  o f  Cebecl and Smith f o r  "cleani1 a l r -  

f o i l s  can a l so  be used f o r  Nroughl' a l r f o l l s  w l t h  small mod l f l ca t ions  t o  the 

inner  eddy-viscosity formula o f  Eq. (17a) only.  We use the  formulat ion o f  

Cebeci and Chang (381 f o r  t h i s  purpose and r e w r i t e  the modl f ied mix lng 

length  expression of Eq. (18) as 

where by i s  a  func t i on  o f  an equivalent  sand-graln roughness k  . I n  
s  

terms o f  dimensionless q u a n t i t i e s  w l t h  k: = ksuT/v. we have 

5.0 Results and Dlscusslon 

The ca lcu la ted  r e s u l t s  are presented i n  th ree  subsections which deal w i t h  

smooth a l r f o i l s ,  rough a l r f o l l s  and i ced  a i r f o i l s ,  respect ive ly .  The f i r s t  

subsection I s  Included t o  quan t i f y  the  ex ten t  t o  whlch the two c a l c u l a t i o n  

methods can represent a l r f o l l  f lows as a  func t i on  o f  angle o f  a t tack  and 

w i thout  the added compl icat ion o f  a  roughened surface. The rough surfaces 

of sec t lon  two a l l ow  examlnatlon o f  the  value o f  the concept of equivalent  

sand-grain roughness w i t h l n  the framework o f  the turbulence model of the 

i n t e r a c t i v e  procedure. S im i l a r  r e s u l t s  can be expected from s o l u t i o n  of 

the th in - l aye r  equations and from the  a p p l i c a t i o n  o f  both procedures t o  



problems o f  i ced  a i r f o t l s  were the i c e  can be considered as roughness. The 

l a s t  sec t ion  describes r e s u l t s  obtained w i t h  the  two c a l c u l a t t o n  methods 

f o r  i ced  a i r f o i l s  where the i c e  accre t ion  changes the  shape o f  the  leading 

edge o f  the  a i r f o i l .  

5.1 Smooth A i r f o i l s  

Figures 8, 9 and 10 present r e s u l t s  obtained w i t h  t he  i n t e r a c t i v e  and t h l n -  

layer  procedures f o r  two a t r f o i l s  and angles o f  a t t ack  up t o  around 16 

degrees. They are taken from Ref. 39 i n  which a d d i t i o n a l  r e s u l t s  can be 

obtained. 

Measurements o f  the f l ow  around a NACA 4412 a i r f o l l  have been repor ted i n  

Refs. 40 and 41 and made use o f  f l y i n g  hot-wi re anemometry a t  angles o f  

a t t ack  up t o  t h a t  o f  maximum l i f t .  The Reynolds number based on chord 

0 EXPERIMENTAL DATA (4 1 I 

Fig.  8. Va r i a t i on  o f  l i f t  coef- 
f i c i e n t  w i t h  angle of 
a t tack  f o r  the  NACA 4412 
a i r f o i l  a t  Rc = 1.523 
x 106. 

b 0 EXPERIMENTAL DATA [42] 

Fig.  9. Va r l a t i on  o f  t o t a l  drag coef- 
f i c i e n t  w i t h  angle o f  a t tack .  
(a )  Rc = 1.523 x 106, (b )  
Rc = 3 x 106. 



.. 
: / - .- . 

0.m __--- - -  
------ INVISCID 

- -TLNS ' 0  2 4 6 8 10 12 14 

0 EXPERlMEHTAL DATA [48] a (Me) 

Fig. 10. Var fa t ion  o f  l i f t  and drag coe f f i c i en ts  f o r  these GA(W)-2 a i r -  
f o i l ,  Rc = 4.3 x 106. 

6 
length was 1.523 x 10 and t r a n s l t i o n  was induced a t  2.5% chord on the 

upper surface and 10.3% chord on the  lower surface. The same Reynolds num- 

ber and t r a n s i t i o n  loca t ions  were used i n  the ca lcu la t ions  w i t h  both meth- 

ods a t  angles o f  a t tack  up t o  12 degrees. Above 12 degrees, the i n t e r -  

a c t i v e  ca lcu la t ions  revealed a laminar separat ion very c lose t o  the leading 

edge and the l oca t i on  o f  the onset o f  t h i s  separat ion was taken as t h a t  o f  

the onset o f  t r a n s i t i o n .  This assumption i s  consis tent  w i t h  t r a n s i t i o n  

having occurred upstream o f  the t r i p  i n  the  experiment. 

The f l ow  around a NACA 4412 a i r f o i l  has a l so  been Invest igated a t  a chord 
6 

Reynolds number o f  3 x 10 (Ref. 42) and corresponding ca lcu la t ions  have 

been performed w i t h  the onset o f  t r a n s i t i o n  determined, i n  the absence of 

experimental information, by H iche l ' s  formula [43] given i n  Ref. 44, t h a t  

i s  

or  by the  onset o f  laminar separation. 

Figures 8 and 9 permi t  comparison o f  the measured and calculated values of 

l i f t  and drag c o e f f i c i e n t s  f o r  the NACA 4412 a i r f o i l .  The r e s u l t s  f o r  l i f t  

c o e f f i c i e n t  d isp lay  the v a r i a t i o n  w i t h  angle o f  a t tack  obtained from the 

s o l u t i o n  o f  the i n v i s c i d - f  low equations and which diverges from the mea- 

surements w i t h  Increasing angle. I t  i s  c lea r  t h a t  the two c a l c u l a t i o n  

methods agree we l l  w i t h  each other  and w i t h  experiment up t o  around 8 



degrees beyond which the i n t e r a c t i o n  procedure fo l lows the experlmental 

r e s u l t s  more c lose l y  and represents the expected maximum value a t  the same 

angle o f  a t tack  on the  measurements. This ~ s p e c t  o f  the  comparlson o f  the 

two c a l c u l a t l o n  methods I s  s i m i l a r  t o  t h a t  reported I n  Ref. 31 I n  r e l a t l o n  

t o  a NACA 0012 a l r f o l l ,  w i t h  the  two c a l c u l a t l o n  methods agree4ng we l l  w l t h  

each o ther  up t o  around 14 degrees. 

The drag c o e f f i c l e n t s  o f  Figure 9 a re  more d i f f i c u l t  t o  appraise since the 

two experlmental d i s t r i b u t i o n s  d i f f e r  inc reas ing ly  w l t h  angle o f  a t tack  

and, f o r  example, by a f a c t o r  o f  almost two a t  12 degrees. Experimental 

d i f fe rences are comnon, due t o  the Inaccuracy o f  the  i n t e g r a t i n g  the wake 

p r o f i l e  and t o  wlnd-tunnel e f f e c t s  associated w l t h  blockage o r  f l n l t e  span. 

The magnltude o f  the  present d l f fe rences i s ,  however, unusual. The r e s u l t s  

obtained w i t h  the two ca l cu la t l on  methods agree w e l l  w i t h  the measurements 

o f  Refs. 42 and 45 and are a t  odds w i  t h  those o f  Refs. 40 and 41 . They 

were obtained by wake i n t e g r a t l o n  o f  the I n t e r a c t i v e  boundary-layer r e s u l t s  

and by surface i n t e g r a t i o n  o f  the TLNS r e s u l t s  since, I n  the  l a t t e r  case, 

the f a r  wake was not  we l l  represented by the ca lcu la t ions .  

I t  I s  i n t e r e s t i n g  t o  note t h a t  measurements o f  drag c o e f f l c i e n t  obtained 

w i t h  NACA 0012 a i r f o i l s  and described I n  Refs. 46 and 47 a lso  show d l s -  

crepancles whlch increase w l t h  angle o f  a t tack  so tha t ,  a t  12 degrees, the 

d i f f e rence  was around 15%. The ca l cu la t i ons  o f  Ref. 31 revealed s i m i l a r  

dlscrepancles and i t  I s  c lea r  t ha t  I t  i s  d i f f i c u l t  t o  achieve a h igh  degree 

o f  accuracy. 

D l s t r l b u t l o n s  o f  pressure c o e f f i c l e n t s  agreed very c lose l y  a t  0 and 4 

degrees angle o f  a t tack  and agree reasonably w e l l  a t  12 degrees but  w i t h  

d l f fe rences I n  the  t ra i l ing-edge region and p a r t i c u l a r l y  I n  the  repre- 

senta t ion  o f  the small region o f  upper-surface separat ion which a f fec ted  

the wake and led, i n  par t ,  t o  b e t t e r  representat ion o f  the wake by the 

i n t e r a c t i o n  boundary-layer method. I t  was found t h a t  the pressure peak was 

very sharp and located almost a t  the  leading edge. The d i s t r i b u t i o n s  a t  

16 degrees revealed an even more peaky pressure d i s t r i b u t i o n  and the  need 

t o  specl fy  the onset o f  t r a n s i t i o n  upstream o f  the t r i p  can be appreciated. 

The discrepancy between the two c a l c u l a t l o n  methods was more evident a t  16 

degrees and involved a la rge  and important d i f f e rence  i n  the t ra i l ing-edge 

region where the i n t e r a c t j v e  approach suggested separat ion some 20% of 



chord upstream o f  the t r a i l i n g  edge and the TLNS method suggested a smaller 

separation. 

The GA(W)-2 a i r f o i l  represents a more c t i f f i c u l t  t e s t  s ince i t  i s  a 13% 

t h i c k  a i r f o i l  o f  s u p e r c r i t i c a l  form. Measurements have been reported [48] 

a t  a chord Reynolds number o f  4.3 x l o 6  and w i t h  t r a n s i t i o n  t r l p s  a t  

7.5% chord on both surfaces. Calculat ions were performed w i t h  both methods 

and, as before, considered the onset o f  t r a n s i t i o n  i n  accord w i t h  the 

experimental conf jgura t ion  unless the i n t e r a c t i v e  approach ind ica ted  a 

laminar separat ion bubble, i n  which case the onset o f  t r a n s i t i o n  was taken 

as coinctdent  w i t h  the onset o f  separation. The r e s u l t s  shown i n  F igure 10 

d isp lay  the var ia t ions  o f  l i f t  and drag c o e f f i c i e n t  w i t h  angle o f  at tack.  

The deductions which can be made from Figure 10 are s i m i l a r  t o  those 

obtained from Figures 8 and 9. The two c a l c u l a t i o n  methods represent an 

improvement over the i nv i sc id - f l ow  ca lcu la t ions  i n  terms o f  the l i f t  coef- 

f i c i e n t  and, as before, the i n t e r a c t i v e  method provides r e s u l t s  i n  very 

c lose agreement w l t h  experiment. The i n t e r a c t i v e  method i s  a l so  able t o  

ca l cu la te  the drag c o e f f i c i e n t  w l t h  accuracy which diminishes w i t h  angle 

of a t tack  so t h a t  the d i f f e rence  between measurement and c a l c u l a t i o n  i s  

around 20% a t  14 degrees. The r e s u l t s  o f  the TLNS method are less s a t i s -  

fac tory .  A sample o f  pressure d i s t r i b u t t o n s  i s  provided on Ftgure 11 and, 

as before, shows the need f o r  proper implementation o f  the TLNS method i n  

the t ra i l ing-edge region. 

Before we conclude the discussion on clean a i r f o i l s ,  I t  i s  usefu l  t o  p o i n t  

out the Importance o f  inc lud ing  the wake e f f e c t  i n  the i n t e r a c t i v e  

boundary-layer method. Studies by Cebeci e t  a l .  [ 1 2 ]  i nd i ca te  t h a t  i n  

h igh Reynolds number f lows over a i r f o i l s  a t  small and moderate angles o f  

at tack,  I t  i s  s u f f i c i e n t  t o  perform the ca lcu la t ions  up t o  the  t r a i l i n g  

edge. The e f f e c t  o f  the wake becomes important a t  higher angles o f  at tack,  

espec ia l l y  i n  f l ow  condi t ions approaching s t a l l  angle, and must be 

accounted f o r  i n  the ca lcu la t ions .  As  can be seen from the r e s u l t s  shown 

i n  Figure 12a f o r  the NACA 0012 a i r f o i l ,  the e f f e c t  o f  wake on the 

t ra i l ing-edge displacement thickness i s  n e g l i g i b l e  f o r  a = 10" but more 

than 30% f o r  a = 16" i n d i c a t i n g  t h a t  w i thout  the wake e f f e c t ,  the mag- 

n i tude of the t ra i l ing-edge displacement thickness i s  s i g n i f i c a n t l y  greater  

than i t s  value w i t h  the wake e f f e c t .  The reduct ion o f  the displacement 
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i g .  11. Comparison o f  ca lcu lated and experimental pressure d i s t r i b u t i o n s  
f o r  the GA(W)-2 a i r f o i l ,  Rc = 4.3 x 106. (a)  Q = 0°, (b )  
Q = 6O, ( c )  Q = 12'. 

thickness reduces the f l ow  separat ion on the a i r f o i l  and decreases the l i f t  

c o e f f i c i e n t ,  as shown i n  Figures 12b and 12c, respect ive ly .  

The e f f e c t  o f  wake i s  a lso important a t  low Reynolds number f lows, which 

are dominated by la rge  regions o f  separat ion bubbles leading t o  r e l a t i v e l y  

l a rge  t ra i l ing-edge displacement thicknesses even a t  low angles of at tack.  

This s i t u a t i o n  i s  analogous t o  h igh Reynolds number f lows over a i r f o i l s  a t  

h igh  angles o f  a t tack  and again i t  requi res the i nc lus ion  o f  the wake i n  

the ca lcu la t ions .  Further d e t a i l s  a re  provided i n  Ref. 49. 

5.2 Rough A i r f o i l s  

To examine the a b i l i t y  t o  deal w i t h  a i r f o i l s  w i t h  rough surfaces, the 

experiments o f  [50] were represented by the i n t e r a c t i v e  boundary-layer 

method. The roughness comprised 0.001 i nch  carborundum gra ins appl ied t o  

24-inch chord a i r f o i l s  and spread evenly over a surface length  o f  0.08 

chord. Wi th in the framework o f  the turbulence model o f  Subsection 4.2, i t  

i s  necessary t o  convert t h i s  form o f  roughness i n t o  equivalent sand-grain 

roughness. This was done w i t h  the procedure o f  Smith and Kaups [ 5 1 ]  i n  
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Fig.  12. E f f e c t  o f  wake on the ( a )  displacement thickness, (b)  separat ion 
region, and ( c )  l i f t  c o e f f i c i e n t  f o r  the  NACA 0012 a i r f o i l ,  Rc 
= 6 x 106. 

which the r a t i o  o f  the equiva lent  sand-grain roughness t o  the roughness of  

the  app l ied  elements, ks/k, was assumed t o  be a f unc t i on  o f  the concen- 
t r a t i o n  and shape o f  the roughness elements, see Fig. 13. I n  a l l  cases 

considered here, the shape o f  the elements was approximated by a sphere, 

and the concentrat ion, which represents the  mean value o f  the  area covered 

by the roughness elements was taken as 0.075 and the  equiva lent  sand-grain 

roughness he igh t  was obtained from Fig.  13 t o  be 

The above expression was used f o r  th ree  a i r f o i l s  NACA 4412, 23012 and 0012 

f o r  which experiments were performed a t  a Reynolds number o f  R = 6 x 
C 

10% 



Figures 14 and 15 contain the results 
of the computat4ons for the NACA 4412 

airfoil. It can be seen from the 

lift coefficient results of Fig. 14a 

that the computations and measure- 

ments agree well up to the stall 

angles for the smooth airfoil as well 

as for the alrfoi 1 with leading-edge 

roughness. The drag curves of Fig. 

146 also show good agreement between 

computations and measurements 

although for the clean airfoil the 

drag is slightly underpredicted at 

higher angles of attack. Values of 

dimensionless displacement thickness 

bf/c at the trailing edge are 

shown in Fig. 15a and, since the 

transition location ls much further 

Flg. 13. Equivalent sand-grain rough- 
ness for uniform three- 
dimensional roughness as a 
function of concentratlon. 
Dashed lines are extrapola- 
tions of experimental data 
[51 I. 

Fig. 14. Comparison of calculated and experimental results for the MACA 
4412 airfoil at Rc = 6 x 106. 



ig. 15. Results for the NACA 4412 airfoil at Rc = 6 x lo6 (a) trail- 
ing edge displacement thickness, (b) extent of flow separation on 
functions of angle of attack. 

upstream In the case of a rough airfoil than in the case of a smooth air- 

foil, the trailing edge value is higher in the rough case with Ct laax 

consequently lowered. Figure 15b shows the extent of the trailing-edge 

separation as a function of the angle of attack and quantifies the earlier 

separation associated with the rough surface. 

The NACA 2301 2 at rf 011, 11 ke the NACA 441 2, has camber and the results of 

the calculations are shown in Figs. 16 and 17. The lift and drag curves 

of Fig. 16 again demonstrate good agreement between the computations and 

measurements, and the drag curve is in even better agreement than that for 

the NACA 4412. Figure 17a shows the value of dtmensionless displacement 

thickness at the trailing edge and Fig. 17b the trailing edge separation 

both as a function of the angle of attack. The slope of the trailing-edge 

separation curve of Fig. 17b at 11" angle of attack suggests that, with the 

rough surface, separation would occur over a very large portion of the 

airfoil if the angle of attack were increased. 



Fig.  16. Comparlson of  calculated and experimental resu l ts  f o r  the NACA 
23012 a l r f o l l  a t  Rc = 6 x 106. 

I .  17. Results f o r  the NACA 23012 a l r f o l l  a t  Rc = 6 x l o 6 .  ( a )  
T r a i l i n g  edge displacement, and ( b )  extent  of f low separation as 
functions of  angle of a t tack .  



These resu l t s ,  together w i t h  the  r e s u l t s  shown i n  Fig. 18 f o r  the NACA 0012 

a i r f o i l ,  quant i fy  the extent  t o  which the  i n t e r a c t i v e  boundary-layer method 

can represent the  flows over a i r f o i l s  w i t h  roughened surfaces. I t  i s  ev i -  

dent t h a t  the c a l c u l a t i o n  method c o r r e c t l y  represents t h i s  e f fec t  and the 

trends o f  the l l f t  and drag curves. Where the e f f e c t s  of ice,  r a i n  o r  

i nsec t  deposi t ion can be regarded as roughness w i t h  an equivalent sand- 

g r a i n  value, s i m i l a r  r e s u l t s  can be expected. 

Fig. 18. Comparison o f  ca lcu la ted  r e s u l t s  f o r  t he  NACA 0012 a i r f o i l  a t  
Rc = 6 x 106. 

5.3 Iced A i r f o i l  

This sec t ion  presents r e s u l t s  f o r  a i r f o i l s  w i t h  i c e  accret ions l a rge  enough 

t o  change the shape o f  the leading edge. The r e s u l t s  o f  the two calcula-  

t i o n  procedures are  compared w i t h  the  measurements o f  Bragg and C o i r i e r  

[9 ] ,  obtained w i t h  an NACA 0012 a i r f o i l  a t  a Reynolds number o f  1.4 x 10 
6 

and a t  angles o f  a t tack  up t o  10 degrees. A l a r g e  change i n  the leading 

edge was arranged w i t h  a wooden attachment t o  represent the  shape of a 

t y p i c a l  glaze-ice formation. The calculations w i t h  the  TLNS equations were 

performed by Potapcynk [52] w i t h  the  ARC2D code and the  g r i d  of 253 x 64 

nodes shown i n  Fig. 19. 

The l l f t  and drag c o e f f i c i e n t s  computed w i t h  the  ARC2D code are  shown I n  

Fig. 20 as funct ions o f  angle o f  a t tack .  As can be seen, the r e s u l t s  agree 

w e l l  w i t h  the measurements up t o  an angle o f  a t tack  s l i g h t l y  smal ler than 



t h a t  o f  maximum l i f t .  A t  t h i s  ang le ,  

as I n  the  case o f  I1cleant1 a i r f c i l s ,  

t h e  computed l i f t  c o e f f i c i e n t  doer 

n o t  agree as w e l l  b u t  t he  drag coef- 

f i c i e n t  agrees remarkably w e l l  w i t h  

the  data. 

Before we present t he  r e s u l t s  ob- 

ta ined w i t h  the  i n t e r a c t i v e  boundary- 

l a y e r  approach, i t  i s  use fu l  t o  

comnent on t h e  i n v i s c i d  method and 

Fig.  19. Gr id  used i n  the TLNS code t o  discuss the  r o l e  o f  t he  i c e  on 
the NACA Ool* Iced air- t h e  boundary-layer ca l cu la t i ons .  I n  

f o i l  a t  a = 10". 
t h e  l a t t e r  case the  i c e  acc re t i on  

can d r a s t i c a l l y  change the  pressure 

- nM 
0 UCPERlllrNTM DATA (9) 

Fig. 20. Computed (a) l i f t  and (b)  drag c o e f f i c i e n t s  f o r  t he  i c e d  a i r f o i l  
o f  Ref.9. 

d i s t r i b u t i o n  near t he  lead ing  edge and can cause t h e  viscoua f l o w  ca lcu la -  

t i o n s  t o  break down. 

The i n t e r a c t i v e  boundary-layer r e s u l t s  presented i n  t he  prev ious two sec- 

t i o n s  were obtained w i t h  i n v i s c i d  f l o w  computed by the  conformal-mapping 

technique developed by Halsey 1321. Whi le t h i s  technique gives exce l l en t  

r e s u l t s  f o r  c lean and rough a i r f o i l s ,  p re l im ina ry  s tud ies  showed t h a t  i t  

was l ess  s a t i s f a c t o r y  f o r  i ced  a i r f o i l s  o f  i n t e r e s t .  The reason appears 

t o  be t h a t  the  conformal mapping uses up t o  250 po in t s  equa l l y  spaced 

around the  c i r c l e  i n t o  which the  a l r f o i l  i s  mapped and these are  no t  



s u f f l c l e n t l y  concentrated a t  the leading edge t o  represent a complicated 

shape such as t h a t  o f  the accumulated i ce .  For t h i s  reason, a t t e n t i o n  was 

d i r e c t e d  t o  a panel method [33] i n  which the  a i r f o i l  i s  def ined by a se t  

o f  p o i n t s  i n  the  phys ica l  plane, which would a l l o w  the  concent ra t ion  o f  

po in t s  i n  the leading-edge reg ion  and t o  v e r i f y  g raph ica l l y  t h a t  the  i c e  

shape has been adequately represented. Neighboring po in t s  on the  a i r f o i l  

a re  connected by s t r a i g h t - l i n e  panels so tha t ,  i n  a sense, the a i r f o i l  I s  

approximated by a high-order i nsc r i bed  polygon. Each panel has both source 

dens i ty  and v o r t i c i t y  d i s t r i b u t e d  a long I t  w i t h  panel v o r t i c i t y  s t rengths 

se t  equal so t h a t  the v o r t i c i t y  i s  def ined by a s i n g l e  parameter, t o t a l  

s t rength,  which i s  adjusted t o  s a t i s f y  the Kut ta  cond i t ion .  The source 

st rengths,  however, have independent values on each panel and these are  

adjusted, by so l v ing  a se t  o f  simultaneous l i n e a r  equations, t o  s a t i s f y  the  

normal-veloc i ty  boundary cond i t i on  a t  the midpoints o f  the panels. I n  the 

s t r i c t l y  i n v l s c i d  case t h i s  cond i t i on  requ i res  t h a t  the  t o t a l  normal ve l -  

o c i t y ,  f reestream p lus  body sources and vo r t i ces ,  should vanish. When the 

boundary l aye r  i s  simulated, the  desi red normal v e l o c i t y  i s  f i n i t e  and 

equals the  d e r i v a t i v e  along the  sur face o f  the  product o f  t angen t ia l  ve l -  

o c i t y  and displacement thickness. I t  i s  known t h a t  t h i s  surface blowing 

d i s t r i b u t i o n  d isp laces the  d i v i d i n g  st reaml ine outward from the  sur face of 

t he  a i r f o i l  t o  t he  l o c a t i o n  o f  the displacement surface. Experience has 

shown t h a t  best  r e s u l t s  a re  obtained when the  sur face pressures a re  calcu-  

l a t e d  and the  Ku t ta  conditdon i s  app l i ed  on the  displacement surface, 

ra the r  than on the  sur face panels. 

I n  general, boundary-layer calculations are  ra the r  s e n s i t i v e  t o  rap id  var- 

i a t i o n s  i n  the ex te rna l  v e l o c i t y  d i s t r i b u t i o n .  I n  order  t o  main ta in  comp- 

u t a t i o n a l  accuracy and avoid e a r l y  breakdown o f  t he  so lu t ions  i n  regions 

o f  steep adverse pressure gradients,  i t  i s  necessary t o  take f i n e  steps i n  

the  streamwise d i r e c t i o n .  For a i r f o i l s  w i t h  l a r g e  i c e  accret ions,  however, 

i t  i s  f u r t h e r  necessary t o  reduce the  s e n s i t i v i t y  o f  the boundary-layer 

c a l c u l a t i o n s  t o  the  pressure d i s t r i b u t i o n .  I n  t h e  extension o f  t he  i n t e r -  

a c t i v e  boundary-layer approach o f  Cebeci e t  a l .  t o  i ced  a i r f o i l s ,  t h i s  i s  

accomplished by us ing a con t i nua t i on  method i n  which the  prescr ibed i c e  

shape i s  in t roduced i n t o  the  ca l cu la t i ons  gradua l ly .  F igure 21 shows a 

sketch o f  the  i ced  a i r f o i l  I n  which the  i c e  shape changes i n  increments of 

n ranging from 0 t o  1 w i t h  n = 0 corresponding t o  the c lean a i r f o i l  and 

n = 1 t o  the a i r f o i l  w i t h  the  prescr ibed i c e  shape o f  Ref. 9. 



I n  per fo rming  the  I n t e r a c t i v e  hound- 

a r y - l aye r  c a l c u l a t i o n s  f o r  i c e d  a i r -  

f o i l s ,  u n l i k e  t he  procedure used f o r  

c lean  and rough a i r f o i l s ,  t h e  v iscous 

f l o w  c a l c u l a t i o n s  were performed o n l y  

up t o  t h e  t r a i l i n g  edge and d i d  n o t  

i n c l u d e  t he  i n f l u e n c e  o f  t h e  wake, 

thus r e s t r i c t i n g  t he  accuracy o f  t he  

s o l u t i o n s  a t  h i g h  angles o f  a t t ack .  

Stud ies a re  under way t o  remove t h i s  

r e s t r i c t i o n .  

A t  f i r s t  t he  c a l c u l a t i o n s  were per-  

F ig .  21. I c e  shapes used I n  t h e  con- 
t i n u a t i o n  method o f  t he  
i n t e r a c t i v e  boundary-layer 
scheme; n  = 1  corresponds t o  

formed f o r  t he  c lean  a i r f o i l  ( n  = 0 )  t he  p resc r ibed  shape. 

a t  a = 0. A f t e r  convergence, t h e  

I c e  shape was in t roduced i n t o  t he  c a l c u l a t i o n s  by t a k i n g  t h e  va lue o f  n  

equal t o  0.4 and i t e r a t i n g  t he  s o l u t i o n s  u n t i l  convergence. Subsequent 

c a l c u l a t i o n s  were then made f o r  new values o f  n  equal t o  0.5, 0.6, 0.7, 

0.8, 0.85, 0.90, 0.925, 0.950, 0.975 and 1  .O. Once a  complete converged 

s o l u t i o n  f o r  a = 0  was obtained, t h e  c a l c u l a t i o n s  f o r  another angle  o f  

a t t a c k  were performed f o r  n  = 1  by i n i t i a l l y  computing t he  pressure d i s -  

t r i b u t i o n  f o r  t h e  new a f o r  t he  b low ing  v e l o c i t y  o f  t h e  I ced  a i r f o i l  a t  

a = 0. With each s o l u t i o n  o f  t he  boundary- layer equat ions,  a  new blow- 

i n g  v e l o c i t y  was computed t o  o b t a i n  a  new pressure d i s t r i b u t i o n ,  and, as 

before,  t h i s  procedure was cont inued u n t i l  convergence. A t  smal l  angles 

o f  a t t ack ,  i t  was s u f f i c i e n t  t o  choose t h e  angle  o f  a t t a c k  increments, 

6a, t o  be around 0.50"; a t  h igher  angles o f  a t t ack ,  e s p e c i a l l y  a t  con- 

d i t i o n s  approachlng s t a l l ,  ba had t o  be chosen smal ler ,  becoming around 

0.1" f o r  a ' s  between 5" and 6". 

F igure  22 shows t he  I n v i s c i d  ex te rna l  v e l o c i t y  d i s t r i b u t i o n  near t he  lead- 

i n g  edge o f  t he  a i r f o i l  shown i n  F i g .  21. As can be seen, t h e  i n v i s c i d  

v e l o c i t y  d i s t r i b u t i o n  d i f f e r s  s i g n i f i c a n t l y  w i t h  and w i t hou t  i c e :  t h e  c l ean  

a i r f o i l  has a  favorab le  pressure g rad ien t  f o l l owed  by an almost zero pres- 

sure g rad len t  whereas t he  i c e d  a i r f o i l  has a  severe adverse pressure gra- 

d i e n t  a f t e r  a  sho r t  i n i t i a l  r eg i on  o f  f avo rab le  pressure g rad ien t .  For 

bo th  surfaces the  r a p i d  f l o w  dece le ra t i on  i s  fo l l owed by a  g e n t l e  favorab le  
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F ig .  22. I n v i s c i d  ue/u, d i s t r i b u t i o n s  f o r  i c e d  and c lean NACA 0012 
a i r f o i l  a t  a = -0.15'. 

pressure g rad ien t  and the  l o c a t i o n s  o f  p o s s i b l e  f l o w  separa t ion  can be 

e a s i l y  i d e n t i f i e d .  

The r e s u l t s  shown i n  F igs.  23 t o  27 correspond t o  i n t e r a c t i v e  boundary- 

l a y e r  c a l c u l a t i o n s  obta ined f o r  t he  i n v i s c i d  v e l o c i t y  d i s t r i b u t i o n  o f  F ig .  

22 a f t e r  severa l  boundary-layer sweeps a long  t he  a i r f o i l .  As i n  t he  case 

o f  a  c lean  a i r f o i l ,  t he  c a l c u l a t i o n s  were s t a r t e d  a t  t h e  s tagna t ion  p o i n t  

o f  t h e  a i r f o i l .  The leading-edge r e s u l t s  o f  F ig .  23 show t h a t  t h e  computed 
ex te rna l  v e l o c i t y  d i s t r i b u t i o n  changes d r a s t i c a l l y  w l t h  each sweep f rom 

t h a t  p red i c t ed  by i n v i s c i d  f l o w  theory ,  bu t  t he  l o c a t i o n  o f  f l o w  separa t ion  

f o r  each sur face  remains e s s e n t i a l l y  unchanged. The ca l cu l a t i ons ,  see a l s o  

F ig .  24, i n d i c a t e  a  10-percent separa t ion  bubble f o r  t h e  upper su r face  and 

a 25-percent separa t ion  bubble f o r  t h e  lower surface. U n l i k e  t h e  separa- 

t i o n  p o i n t ,  t h e  reattachment p o i n t  moves upstream w i t h  each sweep, b u t  t h e  

d i f f e r e n c e  i n  reattachment p o i n t s  becomes sma l le r  w i t h  increase I n  t he  

number o f  sweeps. The v e l o c i t y  p r o f i l e s  on t he  upper su r face  o f  t h e  a i r -  

f o i l ,  F ig .  25, show t h a t  t h e  ex ten t  o f  f l o w  separa t ion  i s  l a r g e  and t h a t  

t h e  p resen t  method I s  s t l l l  a b l e  t o  cope w e l l  w l t h  It. 

Perhaps the  b i gges t  s u r p r i s e  i n  t h e  i n t e r a c t i v e  f l o w  c a l c u l a t i o n s  i s  t he  

behav ior  of t he  displacement th i ckness  d i s t r i b u t i o n  on t h e  a i r f o i l .  Since 

t h e  inc idence  angle  I s  p r a c t i c a l l y  zero and t he  a i r f o i l  I s  symmetr ical ,  

t he  dlsplacement- th ickness distributions on bo th  surfaces a re  t h e  same f o r  
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Fig. 23. Variation of external velocity distribution on iced NACA 0032 
airfoil with each boundary-layer sweep for a = -0.15" and 9 ,  
= 1.5 x 106, (a) upper surface, (b) lower surface. 
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Fig. 24. Variation of local skin-friction coefficient distribution on iced 
NACA 0012 airfoil with each boundary-layer sweep for a 3 -O.lSO 
and Rc = 1.5 x lo6, (a) upper surface, (b) lower surface. 

the clean airfoil. Its magnitude at the trailing edge is approximately 

one-half percent of the airfoil chord, which Is relatively small and has a 

very small effect on the overall pressure distribution. In the case of the 

Iced airfoil, the flow separation due to Ice alters the displacement thick- 

ness distribution on the airfoil, as shown In Fig. 26. The lower surface 

has a large separation bubble which causes the magnitude of the displace- 

ment thickness at the trailing edge to be about two percent of the airfoil 

chord. The upper surface has a smaller separation bubble and, as a result, 

the displacement thickness at the trailing edge Is about one percent of the 

airfoil chord. This difference in the magnitudes of displacement thick- 

nesses due to ice affects the pressure distribution and leads to a higher 
drag. 
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Flg. 25. Ve loc i ty  p r o f l l e s  on the Flg. 26. Dlsplacement thickness d ls -  
upper surface o f  Iced t r l b u t l o n s  f o r  clean and 
NACA 8012 a l r f o l l .  a = Iced NACA 0012 a i r f o l l  
0.15" and Rc = 1.5 ~ ' 1 0 6 .  a t  a = - O . l S O  and Rc = 1.5 

x  106. 

To prov lde f u r t h e r  I n s i g h t  I n t o  the behavlor o f  the solut ions,  ca lcu la t lons  

were performed I n  whlch I n v l s c l d  and vlscous f l o w  equations were solved 

successlvely. That I s ,  ra ther  than making several sweeps along the  a l r f o l l  

f o r  a given pressure d l s t r l b u t l o n ,  one boundary-layer sweep was made and 

the l n v l s c l d  f l ow  was updated w l t h  the blowing v e l o c l t y  vn computed by 

the boundary-layer method. The r e s u l t s  I n  Flg. 27 correspond t o  the  v a r l -  

a t l o n  o f  the external  v e l o c l t y  d I s t r l b u t I o n  on both surfaces o f  the a l r f o l l  

w l t h  each cyc le  and show t h a t  the separat lon bubble o f  the  prevlous calcu- 

l a t l o n s  becomes smaller and almost equal t o  t h a t  on the upper surface when 

the l n l t l a l  l n v l s c l d  so lu t l on  I s  updated. I n  both cases, the  separat lon 

and reattachment loca t lons  o f  the bubbles remain essen t i a l l y  unchanged 

a f t e r  four  cycles. As expected, the  external  v e l o c l t y  I n  the  separated 

region I s  uni form and decreases sharply near t he  reattachment p o l n t  I n  

accord w l t h  the behavlor o f  separat ing and reat taching flows. The separa- 

t l o n  bubble I s  roughly ten  percent o f  the chord, whlch I s  I n  agreement w l t h  

the experlmental r e s u l t  o f  8ragg and Co l r l e r .  The l l f t  I s  near ly  lndepend- 

en t  o f  the vlscous e f f e c t s  f o r  t h i s  angle o f  a t tack  bu t  the  t o t a l  drag 

c o e f f l c l e n t  requires the so lu t l on  o f  the boundary-layer equations and the 

r e s u l t  I s  d l f f e r e n t  from t h a t  f o r  a clean a l r f o l l .  

Figures 28 t o  30 show add i t i ona l  r e s u l t s  f o r  the same Iced a l r f o l l .  Com- 

parison o f  ca lcu lated l l f t  and drag c o e f f l c l e n t s  f o r  a range o f  angles 
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Fig. 27. Var ia t ion  o f  external  v e l o c i t y  d i s t r i b u t i o n  w i t h  each cyc le  f o r  
iced NACA 0012 a i r f o i l  a t  a = -0.15", Rc = 1.5 x  106. 
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Fig. 28. Comparison of ca lcu lated and experimental r e s u l t s  f o r  the iced 
NACA 0012 a i r f o i l ,  Rc = 1.5 x  lo6 .  

of a t tack  up t o  s t a l l  (a = 6") i n d i c a t e  t h a t  i n  general there  i s  good 

agreement w i t h  data. As expected, however, the  behavior o f  t he  computed 

l i f t  coe f f i c i en ts  need improvement. While the agreement a t  lower angles 

o f  a t tack  i s  sa t is fac tory ,  i t  deter io ra tes  w i t h  increasing angle o f  a t tack  

due t o  the  neglect  o f  the  wake e f f e c t .  Figures 29 and 30 show the r e s u l t s  

f o r  a = 6". As can be seen from Fig. 29, a t  t h i s  angle o f  at tack,  there 

a re  subs tant ia l  d i f ferences between the  i n v i s c i d  and viscous v e l o c i t y  d is -  

t r i b u t i o n .  Perhaps the  most remarkable aspect o f  the ca lcu la t ions  i s  the 

behavior o f  the viscous f l ow  so lu t ions  on the  upper surface o f  t he  a i r f o i l  

shown i n  r i g .  30a. The ca lcu la t ions  i e d i c a t e  adproximately twenty-percent- 

chord 1  ead 1  ng-edge separat i  on f 01 1  owed by f i f teen percent marginal 1  y  



Fig. 29. Comparison o f  i n v i s c i d  and viscous v e l o c i t y  distributions f o r  
the upper surface o f  the NACA 0012 iced a i r f o i l  a t  a = 6 " .  
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Fig. 30. Va r ia t i on  o f  the l o c a l  s k i n - f r i c t i o n  c o e f f i c i e n t  cf on the (a)  
upper, and (b) lower surfaces o f  the  clean and iced NACA 0012 
a i r f o i l  a t  a = 6 " .  

attached f l ow  and s i x t y - f i v e  percent separated f l ow  up t o  the  t r a i l i n g  

edge. I t  i s  poss ib le  t h a t  w i t h  the  Inc lus ion  o f  wake e f fec ts ,  the extent  

o f  the f l ow  separat ion on the a i r f o i l  w i l l  decrease. Nevertheless, from a  

numerical p o i n t  o f  vlew, the ca l cu la t i ons  are ab le  t o  cope w e l l  w i t h  such 

- ra ther  extensive f l ow  separation. 
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