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ENGINEBRING 

, - Compressible-flow besearah,  while a r e l a t i v e e  new 
f i e l d  i n  ae , ronaut ics ,  i s  v e r y  o l d ,  d a t i n g  back a l m o s t  t & .  I 

- t he  development of the  , $ i r s t  f i rea rm.  Over the  l a s %  'un- 
" ' d red y e a r s ,  reusearahes  have bben cdnducted i n  t h e  b e l l i s -  

t i c s  f i e l d ,  bu% t h e s e  r e s u l t s  have been of pracrtiicall$ no 
s e  fa aeronaut ic 'a l  ' e i l g i n e ~ r i n g  becaube the  phenomana'that 

/have' been s.tud'ied:lga~e been t h e  rno're ox. l e s s  eteddg w- 
s w i c  conditi 'oh of f l o w .  Some woi'k that has  bean do$& en 
connec t ion  wi th  steam t u r b i h e s ,  p a r t i d h l a r i y  nozzle  
s t u d b e s ,  has  been ob va lpe ,  In general ' ,  hewever, urfaer- 

- &,#Id 
' s t a n d i n g  of compressible-flow phenomerlb has been vef*JT far 

'complete and permi t ted  no Peal  b a s i s  f o r  the  s o l u t & o n  OF . 
a e r o n a u t i c a l  eng inee r ing  problems i n  wh ich . the  flow 3s 

~ ' j l i k e l y  t o  be unsteady because reg ions  o f  bo th  subaonic a s b  
oupersovlic speeds may occur. 

C- 

* .  

In th'e sa ' r ly  phases of t he  development of t h e  a i r& ,  . 
p l a n e ,  spe'sds were s a  lovi tha.i; t h e  ef'feo'ts of compressii- 
b i l ' i t y  could be jus t i f ;Lably ignore&. Dllr-iftg t he  $ a s t  w a s  
and immediately a f t e r  , however, propelJers  ' ex l i l b i t ed  l o d s e s  
i n  e f f i c i e n c y  a s  the  t i p  speeds a ~ p r o a c h e d  the  speed of 
sound, and the' f i r s t  experiments bf an' ae r~@&%%iGa& f l a k ~ b e  
were ther.efore'conduc'ted k i t h  p W p e l l e r s .  ~ e s u l f ; , ~  af 
t h e s e  experiments in t t i ca ted  s e r l o u s  l o s s e s  of ef%$-ciehey, 
bu t  a e r o n a u t i c a l  eng ineers  were no t  se r$ous ly  ~0+3~1n~8d,- .a t  
t h e  t ime became  i t  was g e n e r a l l y  goss ib l e .  t o .  desfgd',  pi?&: 
p e l l a r s  wi th  .Qui te  l o w  t i p .  §peeds. W i t l  t h e  Lenelbpne.n$: 
of hew engines  'ha*in7g f acreSs*$ power add k ~ t i a ~ i ~ ~ ~ ~  q B ~ & d s  
however, a 6 . b $  prbTfZem,.beoAme o f '  i n c r e a s i n g  i p ~ ' o r t a n 0 e ~ .  

The e a r l i e s t  exper%rnen$s wi th  a i r f o i l s ' w e r e  eanducted 
a t  IcCook 8 i e l d .  The r e s a 1 . t ~  were r epo r t ed  i n ' r e f e r e q a o a l .  : 
These e a r l y  t e s t s  of a i r f o i l s  d id  not d i s c l o s e  t h e  x!eal&~ 
d i f f  i o u l t  n a t u r e  of e o & p i e s s i b i l i $ y  phenomena because 6b~3 
h i g h e s t  speeds-:at' wh&qh t h e  t e $ t s  were ,.conduct,ed were tho 
low (appaox&i&$sl;y 600 fps) .  A shopt time l q t e r  t he  NAB-8, 
fo 'reseeing ' the O'reddr towarb h ighe r  'engine ipeeds  end ap39lB.e- 
ciatbng the  d i f f i c u 1 t i . e ~  t h a t  m.igBt; be. axpecteq w i t h  pro- 
p e l l e r s  fo'r tl;'&se en&%rzec~, spon@.ored new 'expesiments under 
t h e  d i r e e t i o n  of D r .  L. 3. Briggs and D r .  H. L, Dryden of 
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' - 
t h e  ?T"tional Bureau of Standards. This work 
2 ,  3, and 4) l e d  t o  s e v e r a l  important  conc lus ions  and 
c l a r i f i e d  somewhat our i deas  of t h e  manner i n  which f o r c e s  
change as the  r e s u l t  of compres s ibz l i t y  e f f e c t s .  A l l  t h i s  
work s u f f e r e d  somewhat because of a l a c k  of proper  equip- 
ment, which could not  a t  t h a t  time be made a v a i l a b l e  p a r t l y  
because s u f f i c i e n t  knowledge t o  determine t h e  proper  equip- 
ment was no t  ava i l ab l e .  

. In  t h e  l a t t e r  p a r t  o f '  1927, at  t he  ins t igaCfon  of 
De.8 Q ,  W .  Lewis, r e sea rch  i n  h igh-ve loc i ty  a i r  f low w a s  
. s t a r - ted  ,at t h i s  l a b o ~ a t o r y .  The , f i r s t  . experiments were 
condhc$ed wi th  a smal l  model t unne l  from which was devel-  
oped' t h e  11-inch high-speed wind tunne l ,  the  f i r s t  r e a l l y  
ingo-Ptant compress ib i l i ty - research  ins t rument  from .an 
a e r o n a u t i c a l  s tandpoin t .  A few yea r s  l a t e r ,  the  24-inch 
and then  t h e  8-foot high-speed wind tunne l s  were developed. 
The gene ra l  n a t u r e  of a l l  t h i s  appara tus  i s  q u i t e  w e l l  

; . ~ + n o w n  and i t  need nbt  be d e t a i l e d  here .  Desc r ip t ions  may 
' b e  found i n  r e f e rence8  5, 6 ,  and 7, 

. " ; 
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8 - -a .Recently t h e  1 b i . n c h  high-speed wind Bunnel vias re -  
p l aced  by a new rec tangula r - type  tunne l  approximately  18  
by 4 : lnches .  A gene ra l  view of t he  t u n n e l  i s  given i n .  
f i g u r e  1, ?h i s  t unne l  is i-heally s u i t e d  t o  work of a 
fundamental  cba rao te r .  Yhe a c t u a t i n g  j e t  and a u x i l i a r y  
equf.prn-@&ti i s  f o r  %he most p a r t  t he  same as, o r  similar t o ,  
t h a t  p rev ious ly  used, .  

2he f i r s t  a m i  . iga t ions .  conducted at  
t h i s  l a b o r a t o r y  on compre,,-,,, ,low problems .were high- 
t 9p-.speed p r o p e l l e r  t e s t s .  These t e s t s  were made lB+%h.g 
prope. i ler - research,  tunnel  a t  low forward speed.-('I.@@ +in&) 
and h i g h  r d ~ a t i o q a l  speeds. The r e s u l t s  es , t ab l i shed  the  
%$p-sqe,ed. l . imt ta t ian of 0 , 9 . t h e  speed of. .sound,  . & ' v a l u e  
t h a t  has .been.'~ommonly i s e d  i n  des ign  s.5no.e thirt  time.. ' 
s h o r t l y  kf8es-thi.s'.investigatfon, a prbgsam of .Cl+rk-Y 
and UP-6-type b lade  s e c t i o n s  a t  h igh  speed w a s  c ~ n c l u d e d  
. i n . t h e  then  new 11-inch hsgh-speed wind tunnel .  2hese 
. rea .ul is  were , c o r r e l a t e d  wi th  t h e  p r o p e l l e q  t e s t s  and,. 
whi.k,e a d i sc repancy  bas  noted a s  r ega rds  t h e  speed a t  
which the  prope ' l l e r  e f f i c i e n c y  l o s s  due t o  compress ib i l . f ty  
e z f e o t s  occurrad., i t  was found t h a t  .the g e n e r a l  form of . . 
t b e  p r o p e l l e r  e f f i c i e n c y  l o s s  was c l o s e l y  r e l a t e d  t o  t h e  : 
4banges found  i n  a i r f o i l  o h a r a c t e r i s t i c s  a t  high speeds% 

';i 

. Besearch x i  t h  a i r f o i l s  was c o n t i n  I . p r i n L i p a ~ ~ ~  .. . . 



opera t ion ,  t h e  p r o p e l l e r  being. a t  t h a t  t ime t h e  only  p a r t  
of t he  a i rplan-e  t h a t  was a c o m p r e s s i b i l i t y  problem. A 
f a i r  measur-e of success  was immediately achieved wi th  ta 
ievelopment of t he  c l a s s  of a i r f o i l  having t h e  maximum 
th i ckness  a t  40 pekcent of t he  chord ( r e f e r e n c e  8). I t  
became appa ren t ,  however, t h a t  d e t a i l e d  knowledge o f  me 
flow phenomena w a s  r equ i r ed  t o  permit  t h e  fmmed-iate de- 
velopment of optimum a i r f o i l  shapes. 

Fun$a,mentaI i n v e s t i g a t i o n s  were t h e r e f  o r e  undexta.ke 
w i t h  marked success  i n  both t he  11-inch and the. 24-inch 
high-speed wind tunne ls .  The r e s u l t s  ob ta ined  froan thes  
fundamental i n v e s t i g e t i o a s  permi t ted  the  r a p i d  development 
i n ' t h e  l a s t  few years  of aerodynamic forms more su i t sbge  
f o r  h igh  speeds. 

FUNDAMEXIAL GOITS IDBBAT.IONS 
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F ' s  A 
7 -  - TI@ s i g n i f i c a n a e  o i  . ,he spcsa v f  so.Und i n  a e - r ~ n a u t i c a  
eng inee r ing  .problems i s  more r e a d i l y  mil -ers tood whea. ane 
a p p r e c i a t e s  t h a t  i t  i s  t h e  r a t e  of pressuBe p r o p a g a t d ~ n h  
General  methods emp-1-oyed i n  a e r o n a u t i c a l  eng inee r ing  am?? 
based on t h e o r i e s  of fku..id flow f o r  i-noa~lprs~ss'f$&e f 3 u i d s  
o r ,  i n  o t h e r  words, fo f  f l a l d s  which have an i n f i a i t e  rate 
of p r e s s u r e  propagmtion. Hence, i n  t he  a p p l i o a t f a n  of 
t h i s  theory  t.o any problems, t he  assmpp0ion Ohat t h e  sgeeds 
a r e  smal l  i n  r e l a t i o n  t o  the  rate af p r e s s u r e  p~opa;&ali 'oa ./= 4. 

i s  made s u ~ o n a t r t c a l l y .  For f l u i d s .  suc.h a s  atr; whidh hay& 
a f a i r l y  low speed. of sound (norma% r a t e " o f  p r e s s u r e  p?ap@.h 

& . g % . i ~ ~ ) ,  . the the%sy can be expected t o  sappky Qn ly  wheh '%he8 
ve loc8 t . l . e~  aPe"gui%e 1 ~ w .  F a i l u r e  of th4 thecrry' $9 de-- 
s c r i b e .  the a a t u e l  fS&w can be expeqted a s  speeds i ne reas -  
and, P ina l ly ;  when t he  speed of s<a&nd i s  ap~aoaclhed;,' a 

. )ad ioe l lp  d i f f k r e n t  type of f low should b e  expected. 
:F.'Si 
y;7 

From an spgineejring.  s t andpo in t  i t  i s  t r n ~ o ~ i r a a ~  t ?  
h o w  at f i r s t  bow' g r e a t  akre t h e  energy l ~ s s e s  i n  a new : 
t y p e  o f  f low which may be es tab lsshed .  ' Unfor tuna te ly ,  it 
has  been shown t h a t  tho type of flow which oacurs  as a i ~  
sgeeds..approach t h e  speed of s,omd causes very g r e a t  en- 
ergy losses. .  The new. typo - 03' f l o w  i s ,  - o f  course ,  cmgi i . -  
oa ted ,  an8- ' i t  .mnnbC id aay qense be conoludea t h a t  s u f f i -  
c i en$  d e f a i l k d  $n.owle.age of this type of flow has been ob- 
t a i n e d  %a e l i m i n a t e  ;ir$s%ric t i o n  .%n ttesign 'work, Neverthe- 
less, experiments made a t  t h i s  1aBoraOory o$er t h e  l a s t  S 



xe,w8 &aye iblust , ra%exd m-y. ,of t b e  xttos.5paL d i f f  iaul$Les 
air? smwn,. &s ma&&h&~ r"o7 ww~amto~. th:e'+%n- 
e r e Q v f k 8 1 i $ g  , lo .gsss '%n the speed rail@ of Wgi$$%anck 5n 
t g e  .hfhsent '  eiigF&qtlcy. 

. . 
h, 

, Esr'ly phot  o&g+&'hs, ('ref eaence 9)  f 1 9 ~ s - t 2 a t . e  t h . a t .  ~ok- 
pseSi(;s i o n  s$k~?k Rdrm<hr'. %a' 2 1 0 , ~ s  .as. .tdigy, agpsascli  t h e  S.WW& 
of :ga~&a.. Tki@'a ;ebi'&;;ire~stos i b o & & s . . - ~ ~ s ~ 8 ~ ~  sueli-lard,g ea- 
e r g p  l o s s e s  th'at norkal:.$,$lgbt i s  r,erihle$+d i m p r a e t $ ~ a % l ~ ,  
and i t  is t h e r e f o r e  necessary  i n  design-Png t o  avoid  Ohese 
Ipag$+@. .Photograph,s -of t he  $low For  @ .$~pi,q&&.~&j$foil 
tag.%. 19 t he  nak rect&qgu$&r. h$ghtspe&d .t~U&~91 aPs+ sbi~q* 
i n '  e+igu+ess 2 . t ~ '  6.. .T.h.tege ,pho,t.ographer 'i&+$s.$qat& $he. samte 
s + a 2 ~ o $ .  'gbehmkba as b u 9  e a r l y  phot&,~+shb so.faz a8 .Gbe 
e$k .~Q, . l i s~m%, .h~~ Q~;S: e~olmpeekslign-sbpeik phqpomeaa: i:s c.qaa,ern@d, 

%but'  th6y show, i r r  a&@lf  i o n ,  cons? cterab1e~u~;Jrce -&eLaZ 
%c$nically, '  t h e ' s i k n i f i . a a n o e  of  the  new giabtsres i 
&rea.$,, i n  t h a t  6&n&es sbowrr $a t he  wake ,aid i n  I 
~ o m e ~ ' o f  t h e ,  phea0;~4)a& ,.%ha& ,h@iI. 1)q.$k. p$&tz~-r~ed' from B O * & 1  
p#&bsure  l o s s  measurements, whtc.h Lcr now had no t  been 
Tq$ c3ba.s. 

. r .  
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R e  '+~enomei;oh has  been naked t h e  q o m p r e s s i b i l i t j  
3.k &%d ,5s de sc r ibed  i n  some d e t a i l  i n  r e f e r e n c e s  9 
~ $ I 3 ' ' ' 3 ~ ,  \ h a i t  ion t o  t h e  breakdown of f low nh ich  occurs  
.f&b' {'&-6&$i t h e r e  a r e  important  f low changes t h a t  occur 

p rogkes s ive ly  as the  speed i s  , increased.  

s t a r t i n k  a t  very  l o w  speeds ,  t h e r e  occurs  a c l o s e  
r e p r e & , e a t a t i b n  of t he  B o t e n t i a l  f l o w  of the  theory.. with 
inck'esse of "speed t h e  l i f t ,  d r a g ,  and moment coe f f i c i en tbs  
i n c r e a s e  r i ye r i , c a . l l y  u n t i l  f i n a l l g  a c r i t i ~ a l  speed i s  
r eached  at' 'which a new, type of flow invo iv ing  comp,ression 
'shock oceu*st : When th'e. c r i t i c a l  speed ' : i s  reaahe-d, t h e  
l i f t  dro'ps and: $h.e drag r i s e s  abyupt ly .  ' q o n c u r r e n t l y  wi th  
t h e  changes ' in ' .  the. f o r60  and .moment c o e f f i . e i e n t s  the prqs- 
s u r e s ' a c , t i a g  b n  the  a i r f o i l  als'o i nc rea se  i n  magnitude.:  . . . . 

Theore t i aa l  a n a l z s e s  hy e l a u e r t  and d c k e r e t  have 
shown that .  t he  l i ' f t ,  moment, and prepsure  c o e f f i c i e n t s  
g.iven by th,e incompress.ible-,flow $heory< a r e  i nc rea sed  by 

une f a c t o r  -'1/J- , where M i s  t h e  r a t i o  o f  t h e  . 
tr$nslati&al speed of . the body t o  the  speed of. sound-. Ih.is 
r e s u l t  w a s  de r ived  by assuming t h a t  t he  speed,  99 so,und. 
through .the LYlple, f lqw w a s  t he  ser~ne as %hat f o ~  the  unt. 

, d i s . tu rbed  stream. I t  can be shown t h a t  t h i s  i s  equi,?~w- 
l e n t  t o  assuming t h a t ' i q d u c e d  v e l o c i t i e s  are .zero s o ,  far 



as  they may in f luence  t h e  e f f e c t s  of c o m p r e s s i b i l i t y  f o r  
t h e  f low f o r  t h e  whble a i r f o i l  o r  bo&y. Thus, whi1.e t h  
f a c t  o r ,  from an. eng ineer ing  s t a n d p o i n t ,  i s  reasonably  a X 
c u r a t e ,  i t  can ,  i n  t h e  s imp le s t  case,  be expected t o  un- 
de re s t ima te  t h e  e f f e c t  of compressibility by an amount 

T h a t  i n c r e a s e s  wi th  t h e  induced v e l o c i t % e s .  For a t u n  
i r f o i l  t he  t h e o r e t i c a l  f a c t o r  i s  reasonably  a c c u r a t e ,  
u t  i t  tends  t o  be of a e c r e a s i n g  a-ccurac-v as t h i c k n e s s  

r a t i o  o r  l i f t  c o e f f i c i e r  ' increaser m 

- a & A f u r t h e r  conseguencs af  t h e  i n c r e a s e  i n  l ~ c a l  p r e  
S u r e s  i n d i c a t e d  by t h e  theory  i s  the  s t eepen ing  of p r e s  z' 
s u r e  g r a d i e n t s  wi th  i n c r e a s i n g  Mach number. -Thus ,. i f  .the : 

G, l o c a l  p r e s s u r e s  a r e  i nc rea sed  i n  the  r a t i o  1/ 1 
t h e  increment i n  p r e s s u r e  a t  p o i n t s  where h i g h  n-egative 
p m g s u r e s  occur i s  g r e a t e r  t han  the  i-ncrements i n  p r e s su re  
a t  p o i n t s  on t h e  body where t h e  l o c a l  p r e s s u r e  i s  nea r  
s t ream v e l o c i t y .  Hence, p r e s s u r e  g r a d i e n t s  become greate-r I i t h  i nc rea se  i n  Mach number. A c t u a l l y ,  suah s t eepen ing  
"of )?r'essure g r a d i e n t s  has been found and,  ' in  most an-$t-anees, 
t h e  g r s d i e n t  i s  much s t e e p e r  than t h e  theory  would i ad i c&e .  , ' 

. b h i s  i s ,  o f  c o u r s e ,  a  con'sequence of t h e  e f i ' e c t i va  n e a e c t  
a. of t h e  i.nduced v e l . o c i t i e s d  A s  po in ted  out  ea.r%i.e.r, t h e  I 

n 
t h e o r e t i c a l  v a r i a t i o n  of the  peak p r e s s u r e  w i t h  Mach num- 
ber  .unde.rsstlmaf e s  the  e f f e c t  o f  c .ompressibi- l i ty by amoun4s 
t h a t  i n c r e a s e  wi th  t h e  induced ve loc i ty . .  Thas, t he  u~dier,- 
e s t i m a t i o n  . f s  g r e a t e s t  where the  induced v e l o c i t y  is. 
g r e a t e s t .  For b l u f f  bodies  o r  even convent iona l  a i r f ~ i l s  
v e r y l a r ~ e  i_3~.cx..e_a.~.es i n  the '  p r e s su re  g r a d i e n t s  bave bqen 
Pound. &" ,,; 

1- - -- 

In  summary of t h e  b a s i c  t heo ry ,  then,  i t '  i s  foun.4 thd* 
t h e  l i f t ,  ..moment$ and p r e s s u r e  c o e f f i c i e n t s  and the' pr.es.: 
su re  g r a d i e n t s  a r e  i nc rea sed  by important  amounts. The.. 

,, t-beory i s  s u b s t a n t i a t e d  by' exper iments ,  and t h e  exper,$men- .,< ;;$ ' g a l  r e s u l t s  p l u s  b a s i c  c o n s i d e r a t i o n  of t h e  t h e o r e t i c a l .  
zssumptions show..that t h e  t h e o r e t i c a l  v a r i a t i o n  

. . 
- u i a e i e s t i m a t e s  t h e  e f f e c t s  of c o m g r e s s i b i l i t g  

bv a n  amount ' tha t  ' i n c r e a s e s  wi th  t h e  induced v e l o c i t y .  

The t h e o r y ,  befng a p o t e n t i a l  f low theo ry ,  i e g l e c t s  
bhe e f f e c t s  o f  v i s c o s i t y  apd thug g ives  ee+o dk.a.g regard-  
l e s s  of t h e  Mac31 number. . I t  i s  ndt t o  be in fe r re 'd ,  'howevewt 
t h a t  important  drag changes a r e  absen t .  B a s i c a l l y ,  t h e  
d r a g  i s  de te rmined-by  -the s k i n  f r i c t i o n  an'd bj, what' f s  
sometimes c a l l e d  'bpressuret l  d rag  which a r i s e s  as a r e s u l t  



of f low separa t ion .  The s k i n  f r i c t i o n  dka" $s  d e t e r  k -* 
of ciourse, by t h e  l o c a l  v e l o c i t i e s  j u s t  ou s i d e  t h e  
a r y  layer .  and the  l o c a t i o n  of t h e  t r a n s i t i o n  po in t .  I t  
has been shown t h a t  the  p r e s s u r e s  a c t i n g  on a  body, and 
so t h e  l o c a l  v e l o c i t i e s ,  ax,e increased as the  Mach number v 

' i s  ipcreased .  Oonsequently t h e  sk in . . fP i c t i on  d rag  is in-  
c r s z s e d ,  even if. t he re  ar.e no .change,s i n  the  c h a r a c t d r  of 
t h e  boundary l a y e r  o r  the  t rans- i t  ion-point  l o d a t i  on. ' 

' E f f e c t s  of c o m p r e s s i b i l i t y  on the  t r a n s i t i o n - p o i n t  
l o c a t i o n  a r e  n o t - c l e a r  at  p r s s e n t  and cons iderab le  f u r t h e r  
b a s i c  r e s e a r c h  i s  necessary ,  but  i t  i s  probably f a i r  t o  
asspmd . i n  t h e  l i g h t  of p r e s e n t  informat ion t h a t  t he  t r a n s i -  
t i o n - ~ o i n t  l o c a t i o n  st h igh  Reynolds pwnbers k i l l  no t  be 
grea:tl$ a fgec t ed ,  provided th.e l o c a t i o n  of t h e  peak nega- 
tive'- p r e s s . ~ r e  remains f $xed. -In i n t e rp , r e t i ng  mbdel re-  
sult '$ from w i n d ~ t u n n e l  t e s t , ~  a t  'low Reynolds numbeP an&.,, 
pa r t . i cu l a r ly  i n  nonturbulen t  tunnel 's .where 4vaSs i t ion  
b c c , ~ % r  i n  a reg ion  o f ,  adverse  p re s su re  gradi 'ent ,  some forb. 
ward.movemant of t he  t r a n s i t i o n  po in t  may be expected wbvh 
i$<creasizg.  Mach number because of t he  tendency of compqs@+ 
s j l b i l i t y  e f f e c t s  t o  s t eepen  the  adverse  g r a d i e n t .  - 

For bodies  having some p re s su re  d,rag, t h e  s t eepen ing  
of t h e  adverse  p re s su re  g r a d i e n t  a s  a  r e s u l t  of compres- 
s i b i l i t y  ef$e.cts b r ings  about s t i l l  e a r l i e r  sepaxa t ion  a s  
t h e  3 f a c h . B ~ b e r  i s  .increaBed and so very i a r g e  d rag  'in- 
c r e a s e s  a% speeds  we13 below the  c r i t i c a l .  In  many in'& 
atances '  f.orps. having,  f o r  a l l  pract ica3,  purposes ,  no B.r,es- 
s u r e  :.Brag a t  lo@ spe.eds, and hence.  no Plow s6para t  f on, -h%e hn 

s.hewn pronounced s e p a r a t i o n  a t  h igh speeds. Fhis  effed8"- 
i s  ev-idencetl by the  shape of the  .drag curve p l o t t e d  a g a i n s t  
Mach number. .. .'!&?in, e f f i c i e n t  a i r f o i i l s ,  f o r  'example, u s u a l l y  
show .onlg .&.very s l i g h t  v a r i a t i o n  wi th  .Mach n;ulhiber UP%@ 
t h e  o r i t i c a 2  .spee.d is reached,when t h e  r iaC@s %bgu$'t'l.y. 
W i Z l l i  - increase  in .  t h i c k n e s s  r a t i o ,  howeTi;er., tihe' bamae bad,%% 
form. may. show a considerab3.e. i n c r e a s e  i,n &rag. wi'Fki. Mach' 

' 

number i n  the: su%cr i t . i c a l  speed range; An ekahple f s ' 

shown i n  f i g u r e  6 f o r  two 16 - se r i e s  a i r f o P l s .  The d a t a  , 

a r e a  .pt.esented as drag  c o e f f i c i e n t s  p l o t t e d  a g a i n s t  t h e  
ra t io ,  a? t h e  Mach number t o '  the  c r i t i c a l  Mach nizmber f o r  
each of the  two a i r f o i l s .  Shown i n  t h i s  manner, t h e  d rag  
curve$ f o r  . tbev $.WO a i r f o i l s  would be ~ s s e a . b f  a21y p a i r a l l e l  
if adverse  g r+d ien t s  d i d  no t  l n f l u e n e e  the  d ~ a g  c a e f f i -  

' 

c i e n t .  . AsBua3;lg t h e  cwrvea a r e  vssy  n e a r l y  
spe'eas up ,bo  apBsaximately @0 p ,Poea t  af - the  
number,,  but  a t  hfgher zspeaede-the . d i f f e r e n c e  
t h e  twa airfoils increaees. A t  l o w  speeds O 
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s l i g h t l y  h i g h e r  peak n e g a t i v e  
P i g h e r  a d v e r s e  g r a d i e n t  f o r  t h e  t h i c k e r  a i r f o i l .  With 

aY - i n c r e a s e  of speed t h e  peak n e g a t i v e  p r e s s u r e  f o r  b o t h  
. a i r f o i l s  i s  i n c r e a s e d  i n  ve ry  n e a r l y  t h e  sam~&'a&ount ,  a 

' - I bhe i o c a t i  n  of t h e  peek n e g a t i v e  p r e s s u r e  re-ins un- 
- A .  chanped. P I t  would be  e x p e c t e d ,  t h e r e f o r e ,  t h h t  t h e  i.lr~ 

crements  i n  s k i n  f r i c t i o n  d r a g  would remaia  t h e  sa.me:and 
t h u s  shou ld  n o t  d i s t u r b  t h e  p a r a l l e l i s m  of t h e  two curves .  
The adverse  g r a d i e n t  f o r  the  t h i c k e r  a i r f o i l  i e ,  howsve 
g r e a t e r  t h a n  f o r  t h e  t h i n n e r  a i r f o i l ,  and hence  t h e  ken 
dency toward s e p a r a t i o n  e f f e c t s  i s  g r e a t e r  f o r  t h e  t h i c  
a i r f o i l .  A s  t h e  Mach number i n c r e a s e s ,  fundamenta l  con 

- s i d e r a t i o n s  have shown t h a t  t h e  adverse  g r a d i e n t  s%eepe ' -&and t h e  th5.clcer a i r f ' o i l ,  hav ing  t h e  g r s a t e r  i n J t i a 1  ad- 
v e r s e  g r a d i e n t ,  is' l i k e l y  t o  show d r a g  increas.s$ at lower  
s p e e d s  t h a n  t h e  t h i n  a i r f o i l .  The problem i s  by no means 
c l e a r l y  u n d e r s t o o d ,  b u t  numerous s i m i l a r  examples have 
been found. .The e f f e c t  seems.more pronounced w i t h  cpnven 
t i o n a l  a i r f o i l s  and w i t h  t h i c k  a i r f o ' i i s .  Zven i f  t&e '. 

p r e s e n t  incomple te  s , t $ t e  of our 'knowledge of t h e  p*%Iern 
i s  c o n s i d e r e d ,  t h e  gen8,ral ly c o n s e r v a t i v e  *procedure  ind& 
c a t e d  i s  t o  adop t  t h e  t h i n n e s t  ser;t iaanq h a v i a g  t h e  highes 
c r i t  s p e e ~ w  oops,$;nBent w i t h  o t h e r  -requirements of 

, - 7 .  . ".Far$ v r r r  -* v?r- p * 

The dange of f low s e p a r a t i o d  i s ,  hi qot%rke.* \ at,t i t u d d s  of f &rm% whf.@b haab kk 
ssr s e  g*adientrs. An examgla of mas id ieh&le '  ~>mpork. 
shown by t h e  maximum l i f t '  daQa of f'igu@#. Y,' 'qes-e 
t a k e n  from t e s t s  of .  ao PICA 0Y3'&;2 -iq Ishe; Ng$L %hI$aa 
spre trzllinq1,sirow the nsizal trasga$ioa m:aki.in@.'Iif 
f&ei,en-t w i t h  Rey&oLds number t o  s*pee:d$ samewli'bt &'d. 
mWes. p9-r hour.;. bte.ejrond t h i s  cs.p$ed. the max2;hum 138% o+ef id  
c f a n t  d e m e a s e s  a,nd t h e  de-&aa$e. is &ue t o  O@e-Fi%Lp~~e..& 
t h e  f ~ o u . t o  .pvorcome t h e  s te@e; r  e&+erwe g%di$&eets : 
a&*ur w i t h  imcsreaa5n-g Mach nurhbdr. . .Tn sizb&a$tiati@n 6f9 
t h i s  conoeptfbn tfs.e~,,e i s  shuwa a, second eurvp'  f r o h  
o f l  t e s t s  of ''the. Same model fa t h e  ~#pjtarsure tubirbl., 
2z stmosBb;e+res ,pre&s.u'pe. . T h m ,  at two a i f f e r e n t  Rk 
numbers i t  -5s nroted t h a t  t h e  maximum l i f t  Ooe.ff tcie  
d e c r e a s e s  a t . l e x a c % l y  t h e  same 'Miah' o;umBsr. . %As ' r e  
i s  . n ~ t  ~f acattemie- i n t e r e s t  arily, b u t  w g ' b e  of co'fis%der- 
e B l e  irnl;~ortano.e*. i n  wSna-%Unne~--t ;esO~~g Irechriiguea f,<~ 
mai.mum-li$ . t i . -o~ff ic~en%. inroeet-igaafons o f  airfo..52s* 
&pB8:&s b%~s~&*t3jqiiEEff. LGQ .a&+%88 PIP .&xd in&ica%ed.  ua;l;es,s 
tk-q'.t~oacf.tB e&.taeme w f n g . C o & d J l p ~  'is cori%in-uea, 9~ whiob 
e v a n t  t e s t s  at We.  eorrerclf Ma& pt:'wda%er'rna.y $I* reqU:%re?t 



gre'sisdre. Ehese resudhs a r e  a l s o  of im3ortaaoe i n  re3.a- 
: t i o n -  t o  t h e  camporks.on.of s e o t i o ~ s ~  rsa'2tabl.e: Por p r o p e J 3 . e ~ ~  

wb.6rs t he  .$&e-off and elirnb a r e  4mpoTtgnt. %he bZw&Q- seam speeds q r e  g e n e r a l l y  high. and s e l e a t i e a  of a e c t l o n s  
oha, ng hfgh loaximtam l i f t ,  coePf f d l e n t s  a$ 3=aw epe'ede rn&q . 

, be , h a y  mf s3ea&ing,  p s r tSeu l tw ly  wSth coavent$snal  s e e t l ~ a o  
i foe iyhicti t B s  Jif gh maximitB1 &I f  t. o o e f f 5 ~ i e n - t  s a r e  a b t s i n e &  
I by v.@ry. high  1oadin-g- @ve.p? the  leadtag-edge 'regf oft. 

' 1  
*. 

PREDICTION OF THE CRITICAL SPEED 

t 

- . Phenm%ena in t h e . : s u p e r c ~ i t i c a l  s i e e d  range where com- 
psaasi0.n &Pock occurs a r e  ve ry  complicated and q u i t e  in-, 
te+re,s,king. From a p r a c t i c a l  aeronauticaX eng inee r ing  view- 
g o f g t  t he se  phenomena a r e  not  y e t  of g r e a t  importance be- 
aause  i t  i s . .  n.ow gene ra l ly  p r a c t i c a b l e  '$0 design shapes hav- 
ipg  s - u f f i a i e n t l y  h i g h  c r i t i c a l  speeds. It  i s  my 'o r t ap t  
$?om the  a e r q n a u t i c q  viewpoint ,  however, t o  know t h e  
G r i t b c d .  speed. s o  shapss  having s u f f  i c i e n t l y  h igh  
c , r i t i c a l  $p4eds can be s e l e c t e d  t o  e l i n i n a k e  s e r i o u s  l i m i r  
t a t i o n  of the  a i r p l a n e  performance. 

,- ~xppr$men.%s have shown and fundamental cons ide ra t ion  
, i l ld i ,ea tes  t h a t .  compkession shocks form when ,< the  l o c a l  s.pe,ed 

of saund i i-  a t t a t n e d  i n  any p a r t  of t he  gpnelvrl f $ 6 ~ ;  f@l$. 
some instances have been, f o m d  in which speeds #~+g&%~.$p . . 

.? g r e a t e r  t ban  ,+e l o c a l  spa rd  of sound have been at.ta#&+d 
w i t h o s t  Phe presence of @o@@q&s s ion  s!&ck, but: :th,ese -ages 
have b e e s  few. and, the. amounf$: &he l o c a l  speed o.f .sound &a$ 
bean pxceeded.hss  been only a yexy smal l  ppreeBtage. 20r 
engfkn~gr ing . .appl icat~ ions ,  :*thegeg.@re, t& c r i t  is-a-I . s g ? d  
haa :bbeg  da8ip,ed a+ -the t r a n s l ~ ~ t ' i o n  v e l o ~ i t i y  at which *kg- 
ebm' p f .  t h e  t r a n s l a t  t o n a l  ~.eLoc$.$y. and the  rnaxlmum indutped 
~ ~ l g c $ t $  equakb th.8 l o c a l  eph9.4 of scu~d. -It can be cal- 
cu%a*ed f3pm e i t h e r  theoset1ig+a2 incom$gessible . f  l b w ~ ~ ~ r e a s u r e  
dak$rxiput20n o r  from .mea+~gsd ,low-s$ded dp~essures and t-he 

. . . a  

1 .  Phe methods c o r n p : ~ ~ s s ~ b i l i t y  moeif icatio&4$astor 
f o r  t h e  p r a b i q f i o n  of t 1 ppped .have been d i scussed  
i n  d e t a i l  $q re$erenoes  9 .an&,;$@* Referenoe 11 treats 
many particular example$ i n  tle&9%1 ineludiag i n t  e r f  esence . 
ef  f e d $ $  an4 f 8 ,  f o r  png9nee.x-hg g@clb;le~~e, e!xtrenpely useXu1 
arid imgortaxrt. I t .  is  importaat,.:hows.ser, 5n englaeer9n.g 
Appl icat&ons t p  a p p r e c i a t e  the  l i in ika t tons .  



however,  that the e s ~ t i  
f l o w  dega~ts f r o a  *he slnple poten.t;ba& flo;w. AbnerinaX 
boundar$-lz&y'er sbaa-ges that cap in21ueac'e the ex&ern&l 
flow ma-y & m s e  l;+xge . ~ & & $ $ 1 @ ~ 8 r j $ ~ @ ~ ~ ~ -  .$$%he dsterminatiofi 
o f  t h e  orbticmil ogbed, cansidefkg the c3&C8ie'cX i@$e.ad aa 

b. 

\ 



13% @&$.aitgss . as.@ s eu u act  so^$&@^@,$@ h ~ & ; 2 & ~ ~  -hrgda, i t i s  
perhyps t r u e  t o  a d c - t h a t  sfo. the  odky shapa;3!:@&&6. ean bB 
%wibC- on ~;zl'~~'hi~~sp.ee& ad.kcma$%, %.he, a.eY$B@&>. sp&e c m  .%e 9 sq$&e 'esa-qmWeigy. @$-e:tFgW&.+ -A anma  b@$e a- -ozr ., w cg%g~kn-j s 
k.gw 9 : d ~  gs$w, & ~ $ H ~ ~ T  @fi&fi :%he. a%'dcp. @&~e@'$"=;r l ; rQ&~~e& ~ g j p ~ - ~ - -  

' ' ' qp,f o a- ,f$bb?.e n&% &e ,-@.T@&% c,%$ as' . 6 T . '@he' .d@% $&23'&& sg@&hp 'gf3 
@it@$& 'f d.gttim. .9 i L E o ~  1 t 4 ~ ~  pU$@o+a. 3 o.f @:@&@&@iki;en ;P$-&i.i*& 
a!@ 'G@k%&s6;~abe sv t'he @GCUF&G@. of $he $b&6 , .  :Eerj$&tiC &&q. as) ,a@&; 
@$cr&& $0 qe&per.irnentaa *iss;ul.ts, I . '  

. 5 1 .  

THE PBBSEMT STATUS . I 
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'Lrf~:ils.-- The bulk of t h e  ikeve%cpment if new formi  
, has been done mainl-y wi th  a i r f o i l s ,  and the  r e s u l t s  o f  -,-. 

t h i s  worlc have .been appli .ad lm o t h e r  form,s, such as cowOs . ' - 
and 4%sa'La.$es. pigtire 11 i l lus- t ra t .es  t h e  preseklt s t - a t a s .  ' 
s o '  %ar as .a.irfo-$1 forms a r e  .concerned. G r i t  i c a l  spepeds -. && 

in ? a%% shown i d  miles  per  hour -at 25,000 feeD - p l o t t e d  a g a l n s t  
. t h i ~ k n @ s s  & t i o .  Pbe lower two curves  show t h e  c r i t i c a l  
sp,eeds f o r  a i r f o i l s  of t he  230 s e r i e s  ,. and the  newer 16- 
' s e r i e s  i&ff  ailis (wl+%ch have been. designed t o  h m e  .minimum 
?n&ha4b;d' =vnloc.itiso);'frrr a l i f t  c o e 9 f i c i e p t . o f  0.2, ap- 
g@?Zbm.s.telf t h e  &@sign high-speed l i f t  c o e f 9 i c i e n t  POT 
ai5rPlan.e~. -with no'rmal wing loadings .  The upper curve . 
shot& t he  ~ a r i a O i o n  in '  c r i t i c a l  'speed' f o r  a 16-type air-  
fdii;1:.'k% . s$~ro  l i f  t.?;cdeff icient;'. The r o o t - ~ h i c ~ n e s s .  range 
marl%&& ?the, o h a r t -  f ~ o q  1 2  t o  1 6  percen't i X l u s t r a t e s  *hLe 
r?ngu of.-.mi'p.imvm a:o&-%h.icknes s raWo , which seems auz-' 
rdeb;%,3ry pracstiGa2be fo r .@bs t  c l a s s e s  of  ai'rpL.anls. lrbth 
thle- 'BgO ser;Les..of ."air@rr'fl; r c r l t i n a l  -sdeeds o f  t he  o r & & t  
o$ 450 mile$ per hour ake indi-sated a t  2S,OOO f e e t ;  wi&h'  
th;e ljbseries. , .  c r i D i c a l  s.pe@.ds of t h e  o ~ d e r  of. 600 rnrles 
p e r  .h'o.br m.=e. btli.cOted. X t  i q . a p p ~ r e ~ S  t.hat ' import aht 
ch&n&s. ia wag$ :design are i n  o rder  a1mos.i; 5i-mrnediateLr. 

Y ,  

. . I.t, I s  -136% t o '  ?)e.-et.ssumed, on t h e  b a s i s  of r e s u l t s  
s'howh an %%is c h a r t ,  t h a t  s i t . '  i s  p r a c t i c a l  t o  de'sfgn Op 
t o  the: cr3.t *@a1 spef d of +he wing sec t i -dn . ,  2Lerodyna;m'Ec 
int;'erfBrerice ..@Zfec%s may -lovier the  c r i t i c a l  sp'eed, and 
f fief &i8.e9ft s k i n .  Sr ia tTion .or s e g a ~ a t  ion-  e$f e e t s  , brought 

I:%$- t b e  s u b c r i t i c @  compress Pbf li-t$ phenomena, ma* 
;fksb:geabout A l a r g e  i & r e a s e  : in drag. 

A .  . , 
, gkgure 1 2  ilautr t r a t e s  t h e  gef1&~&1.  +f.fec$ wf eoaipre.s- 

s i b 2  l i t y  $or an NACh 001Z:a i~ fo i2 . ,  f o r .  &.%ck .imgortaht 
6 e g a r a t i o n  phaomewa are no t  Zobml. . Fher v i t r i a t ion '  o'Q 



+ -*w .:it:, - - w ~ n o l d ,  & & ~ i l ~ l l u . s ~ r a t e ? & ~ r o m  1- 
t e s t s ,  d e p a r t s  cons iderab ly  from t h e  var ia t - ion  s 

d r e s u l t s  i n  t he  same Reynolds nv-mber range but  at  h igher  
speeds.  The amount of the  depa r tu re  i n c r e a s e s  wi th  i n -  

.! c r e a s i n g  bjach number u n t i l  f i n a l l y  the  c r i t  i c a l  speed i s  

1 reached ,  when the  drag  r i s e s  p r e c i p i t o u s l y .  Diff erencres 
i n  d rag  below the  c r i t i c a l  'speed may. be as g r e a t  as 15 

4 p e r c e n t ,  depending upon - the  speed. For t h i s  p a r t i c u l a r  
Qexample,  d rag  inc reases  due t o  com-gressibil i ty appear  t o  

( s t a r t  a t  Na.ch numbers of t he  order  of 0.21, o r  approxi-  
' rnate ly  30 percen t  of the  a i r f o i l  c r i t i c a l  -M'a-ch number, 

n  t h e  s e l e c t i o n  of a wing, t h e r e f o r e ,  i t  f s  impor 
t a n t  t o  s e l e c t  a form which g ives  reasonable  c l ea rance  
on c r i t i c a l  speed. Yhen~.wi-ngs of - l a rge  thickni3.s~ a r e  
cons ide red ,  the v a r i a t i o n  J u s t  discu-ss8d may 6 e  mug& 

, g r e a t e r  because some s e p a r s t i o n  may occur as. a r e s .u l t  o;P 
t h e  i n c r e a s i n g  a d ~ e ~ s e  g r a d i e n t .  l0 . r  pabct  ic&lly akJ. 
m i l i t a r y  appl ica t , ions  , exa.ept t r a i n e r ' s  md c e z t a i n  tqp3s 
of growd-cooperat .80a a i r g l a n e s ,  a i r f o i l s  wi ,+ih  ve ry  4 A  
peak p r e s s u r e s  and h igh '  c r i t i c a l  spe'eds ace  4ndica-te:&. 

*ierod~nami.c i m t s r s f  erenae,  - It  haxgs 'Itteen vs&~puff re%- 
e rence  11' ' t ha t  i f  twd.bodAss a r e  operatrjeng to@&her, s%& 
a s  a wing apd a  fus-lage,  t h e  c r i t i c a l  spee.4 o f  t h e  @om-- 
binai; i on  may be lower than the  c r i t i c a l .  spe.ed 0% @Oh& 
body o p e r a t i n g  alone.  Ac tua l ly ,  t he  condi teon i s  sueh 
' that  t he  bodx, having the  . lower c r i t i c a P  - s p e d A & @  @p@baf- 
i n g  i n  t he  superstream v e l o ~ i t y  f - i e l d  qf. t J ~ e  -a&j,a-ceap 
body;, 9he c r i t i a a l  speed of the  qo'mB%hat$o.n $be%&, tB! a. 
f  i ~ s t  app~ox-imatio-n, i s  l e s s  than t h e  crI t io&X s@W% O @  
t h e  body having' t h e  l o w e r  .value by an emoun) .eq'lai.vaXah% 
t o  t h e  superstr.eam v e l o c i t r  oaf the  a d j a c e a t  b.e.dy at. '%&a 
cr$Gical  Ef+cbb n m b e r  of t he  @ombina.tioh. V i t h .  @'cnBe cso* 
ventdonal  arrangement$ dec.l?ease$ of 6 ~ $ t & ~ a l  swW' a% . . %.he 
wing r o o t  o,f t h e  o rde r  of' 8 pe rcen t  csm be '  e.~rpec%s'dr' . 

.. . 
It  has, bean. Sound. poss.ib1.e and pracft%aa-l,'laowever, 

t o  e l i m i n a t e  th.e &verse hnter fe renoe  e i % e t  'cm ositdcaf 
speeds  by r e shap ing  the  fuse la&e i n  t h e  xeg5on of t h e  
junc ture ,  . .2he w l ag  r o o t  ehozd ean bs %nez-e.as;ddl' and, f f 
t h e  ba'slc. shage wacE t h e  a b s e l u $ e  th3ekness. i-n in~bW3.8Te . 
n o t  ' changed, $he roo t - th i ckness  rati4 .i.s redmeed and t~ 
t'he s r l t t l c a l  . speed  a% the $uac ture  $!a i m r e k g e d .  ' 

. . 

~ n o t 4 e r  --ro&' peS'b8p.s. a 3 e t  t e ~  n&bod i s  td dishape th;; 
f d e l a g e  PQ' BW'B tho f u s a l a g s .  gwere t rsa&  veloci6.i.es Pn ' 

%he .. . regre&- o f .  B$Q wing , & ~ o  rstlnc.erd. . f-n.@.si,6ae~ri of $&#I 



pr.ae:tica;bilAtg of t h i s  .msanB n f  e2.bmihat.ing. advai"se, Enter- 
f erelace ef  P0c.t.s i s  giwen Zn r e f e rence  16., f ram .which tke  
d r a g , & a t a  f o r  two d i f f e r e n t  b0dfe.s t e s t e d  one-the S.$W.  lti-ag 
pre6ent.e.d in. f i g - u r ~  1,3 !ape taken. At t he  time €hest@ .te 's,ts 
were rn:a.de, it was - ,  ~ n ~ P o r . i ; u a a t e L ~ ~  impos-dibxe $0 extend. b h s  
t eg ts %o higher .  :$pee.&$ ,:*%ut thie d i f fe rence .  i n  $lhop'e or$% &he 
dr&g oufvsis f-cmt."trre tw.o aL~nbinat.ions..k~nd.iaa&es~hat nos>& 1 
beady.. 1 h a s  thee ,e,asl*iebr stlgorse co,npse;ssibll%t;y efPdc%s 
and so  the lower d r i t i c a l  speed. *he l i k e l y ' c a u s e  fB-?:t;'he 
h i g h e ~  c r i t i c a l  speed o f  nose 2 body 8 i s  t h a t  lower 9u- 
selage,  s~upersOream vel~oc. i t&es e x i s t  in %he regio-n of t he  
wing a s  a consequence of t&e l o n g , p a r a l l e l  c e n t e r  bo8g. 
Othsc tests .mabe r e c e n t l y  a t  lower sptieds.. i n  t h e  ppessure  
t u ~ e L ~ ~ f . o l . l o r ~ 9 r ~ g  the lead. indI$a!ted bia f i g u r e  1'6 rresztb6efi 
i n  tk*  c t e v e l o p m ~ t  0.f. a w i n g - - ~ 6 @ t  3-&&&-u+. -- Ye a t  'wh4~E.n t h q  
m'e8asuUrocl~e 'ssuSIe~ .__-__I_ were .the _--- s a r n ~ u r  t h s  wisg alone. 
!!&-us, t he  indueea v e l o c i F % i s  POT the f w s e l a ~ e  ifi t he  'reIiion 
of VB4.e- w'i-rtg were1 reduced to- sen0 -and adverse  i8 tes f -e rence  
e f  f e d t  .on @r i t i c l a l .  speed w a s  e.&im9n&Led. The new $ixs&lage 
shape had i t s  max:&mum wid4h.al$ghhtlyj a h . ~ a d  o f  t he  win%, 
and 'tihe* w&d%h. d .ea~eased  s l i g h  t&y, Be%we,en the  w'gng. leadjl.a@ 
and t r h i l d n g  edges. Zhough inauf f Poient  &asa  a r e  a v a i l -  

lab& .a-t p9rer8es3-a t t:o @ie,e-rmf t $'he ;@ s t~bLi:shmea&~ 09. ,a @gne.ral- 
ia.ed f o m  S u i t a b l e  %'or a l l  q p p ' l i a a t i ~ a * s i  i t  @oOq .i4'ppea@ 
f e a s i b l e  %o ez imine te  adverse  i n t e ~ f e r e n c e  e f f e c t  for? %*he 
u~qeul .applicaC-tons. . 

,.+O;Q w -*- %h-e firsot f s r a s  of N;ALEP:,.~othkh~g's we.re &e- 
ve&op%d many -pe@sk~ artgb..and a t  a Oime whbn., e.3p;cep-e foo  the  
p r o g a l l e r  , . c ~ r n g r e s ~ ~ b ~ l - ~ t y  ef.gee&s wese r e l a t t v - e l 9  'unirn- 
~ o r ( t a B % ~ ~  The deva1o;prne:nt: p.rQgram was cond"u'c t e d  ia Low- 
speebd.,.wiad tunnels, ,  and- t.12.e genera l  .lack of kn.owledg6 of 
~ 4 m a r p s s i b f  li ty.- phenomena p ~ e c l u d e d  6h.e p o s s i b & l i t y  of 
i w t e ~ p r s k i a g  o r  sx.d;rapoLating .%he low-speb &aQa f o p  ap- 
p l i c a t f o n s  :in t h e '  high-speed rabges .  now o o ~ t e ~ g l & % $ d ,  I t  
i s  n.0.t. s u r p r % s i n g ,  t he r . e f s r e ,  that, e.our2f arms ba,vi:ng low 
c r z t i c a l  speeds r e s u l t e d .  F u r t h e r ,  some mod i f i c&t ioas  of 
t h e  o r f g i n a l  N~Wd.cowl forms lnt rodvced by destfgners l e d  
t o ,  t h e - u s e  of fbrms. b a v i n g . v e r y  low s r , i t i a a l  .-spe.e*ds, 

. some .~ow;Li-ng .foxms i n  use  a few yea r s  a g o  had o a i t t -  
c a l  speed8 as,.low ,a's' aQ0 mi les  p e r -  hour a t  25,000 feet .  
A.brSeF summasy of mwE development i s  showp. ,in. f i g u r e  14. 

covli'l~e; 0. (sefe3-ence 12) r ep reaen t s  - t he  x e ~ u l t  o f  
t h e  f i r s t  ressarah d i r e c t e d  toward developin& cowls havkng 
h i g h s o  c r i t i c a l  speeds, .At 25,000 fact c,otrl' 0 bas a d r i t -  
i c &  speed of 43.2. mi-lee 9- h o a r  ,. 2.3hi.s form sf ccrwl -is 
i n  u s e  on ~,mo.s%.~of ,our ..gBesen+-day. a3rrpXaneo. Some m 0 8 9 f i -  



caticWsrtaf t h i s  cowl Wme been in t ro&ucea ,  however, and I' 
fr.oru the  s t andpo in t  o.f compres 95-bil i  t y  phenomena these  * 
modif ica t fons  have been uniformly bad. I t  i s  important  
t o  r e a l i z e  t h a t  t h e s e  cowling forms cannot be extensive-  b 
changed r i  t hou t  'developing h igh  peak p r e s s u r e s ,  w i t h  %he 
consequent . . tendency t o  flow s e p a r a t f s n  and  low a r i t i a a l  
speeds. S t r i c t  adherence t o  t h e  b a s i c  forms becomes of 
v i t a l  importance w'ith i n c r e a s i n g  speeds ana cannot be 
overemphasized, 

Recent development of cowl forms ( r e f e r e n c e  13) h a s  
l e d  t o  a new type ,  the NACA high-speed cowl. The c x i t i -  
c a l  speed,  a s  shown i n  f i g u r e  14,  i s  593 mi les  pa? hour  
a t  25,000 f cee t ,  From t h e  c o m p r e s s i b i l i t y  stanCtpO.int tbe 
cowling problem i's w e l l  sakved by t h i s  co-wl, a t  I.eask f o r  
t h e  p re sen t  emergency, 

The development. of t h e  newer cowl forms far qe2y 
h i g h  speeds - i s  t r e a t e d  very thdxoughly i n  r e f e rence  13, 
These forms, i n  a d d i t i o n  t o  t h e i r  h igh  o r f t i c a a  speed,  
hav-e been developed t o  take i n  a i r  wiDhout,aay' detrirne.nta 
e f  f eat on the  ex t  e.rnah flow and,  i n  f a c t ,  some ctQplie'a~ 
t i o n s  of %he new nose forms have show* a be le f&e- ia l  effers 
on t h e  ex tenna l  fdow.. 

-Ut i l i z a f  i o n  of  was t e  h e a t  .- Ord ina r i l y  no t  cons idere& 
a ~ c o ~ n p r e s s f b i l i t y  efcfeet , but neverthelesci a pb@%nomenoo :p 
d e f i n i t e l y  a s s o c i a t e &  wi th  t he  a t t a inmea t  of :hLgh ;ehee,ds, 8- 
i s  %he p o s s i b l e  &in  through the  u t i l i t i z a t - i o n  of w a s t e  .* 

h e a t *  - ilhen speeds are suSf2c i en t ly  high, hhe . r a t i o  03 e l$ -?  
stop p r e s s u r e  :@I?. the a i r  t o  t he  s t a t i c  p r e s s u r e  yPe l4s  
compFession r a t i o s  s u f f i c i e n t l y  h.i-gh t h a t  khs sdP3t.iQn -a€.. - 
h e a t  i n  t h e  . r eg f  on o r  h igh  prges-ure oaasqs ,on Yncre.ss9 iaj: 
t h e  k i n e t i c  .eneagy. a.f t h e  air when dischaqgs,d, Tke %beio-.i 
rsthozsl b a s i s  i s  di-scas-sea Ijy MerecYAth 3n %eBersn@e L&, ' 

and Ghe- phanomenons,has become known a s  the  'Meredifh 4f- 
f e c%. 

. . , .  
Experiments l-ieve. been rectsntly ~~-6rn$l%8g;d i n  tk'e .8- 

f 'oot high-speed wind tunne l  t o  i n v e s t i g ~ t e -  the  prac t ica ; l  
p0s.s-&bilf.S,ies. These r e s u l t s  a r e  c u r r e d t l y  'being analyzed* 
Some, of the  d a t a  errs aBa.o~n i n  figare liT;i3, The possi'b.le - 
g a i n s  are p l o t t e d  a g a i n s t  t h e  compression r a t i o ,  w h f a  i s ,  
of c o u r s e ,  a functi.on of .the . speed ,  Ugaszir'ements of t h e  
recovery p o s e i b t e  'wene ma&e by .force %%sts o$ %ha ca~rp l r t t e  
model and a l s o  by wake measarame~ts ;  The . r e s u l t s  fP@m. 
bo th  metha88 a r e  i n  agxeemeat e4l-eok w e l l *  
.?Be rrume~ous p o i n t s  r sprss ' ea t  es f o r  



qualat i t ies ,  I f .  a $000-horsepower engine i s  assumed,, t h e  
sca1.p values  ,of t @ e  h e a t  i n p u t  r a n p d  from less, than  t 8 a t  
of t h e  coo l ing -a i r  hea t  a lone  t o  twiee t h e  engine power, 
A.t bdgh speeds ,  which correspond t o  h igh  compress.ion . 
ratios, im,portant gains  a r e  d e f i n i t e l y  p-ract . i$able and 
can .b.e realdz2e$ .if the  co.olf ng system embodies *good, de- 
s i o p ,  .Ihe effiq.ie.xcy i s  .@hotvn c l e a r l y  t o  b e  a ;t'un@%ion 
of $he,  pres su re  ratio:. l i , $h  poor i n s l a l l a t i o n s  having 
%igh  p re s su re  drop,  the  .compression r a t i o  i s - r e d w e d  and 
s o ,  i n - a d d i t i o n  t o  t he  coo l ing  power l .oss, the  g a i n  from 
was te  h e a t .  i s  r e d u c e d ~  , 

. .. , 

Figure 16  .has - be-en pre-pared t~ f 1 - l u s t r a t e  'the mttgni- 
tude.,. of the  g a i n s  pos p5ble. The pow,er recovered from 
t b e  9oolSng a i r  ,only  bas .  been eons.fd.ered. . A p re s su re  
drop  of 7 inches  of wate r ,  a p r o p e l l e r  e f f i e i e n q v  of 80 
p e r c e n t ,  and hea t  r e j e c t i o n  t o  t h e  cool ing  air of one- 
h a l f  t h e  ,brakeiBgrsepower has  been a,swumed, A t  .SO0 mflee 
p e r .  kaur  aad 25,0,00 f e e t ,  t h e  gain ,  poscpihle i s  agprox.i- 
ma te iy  . 6  p.ercent - of t he  brake t h r u s t  power. Fu r the r  ga in  
i s ,  of cs,urse, pos.sdible thrpugh. u t i l i z a t i o n  of t he  exhaust  
g a s e s ,  e i t h e r  a s  atided hea t  at t h e  high-pressure  regLoll 
o r  i n - e j e , c t o r .  s t a c w ,  Sance. t h e  Bea$ Ifs t h e  exhaust  gases  
is approximately  twice  t h a t  o.f t he  eggige c.oalin_g air., the  
g a i n s  f r o m  ' t h i s  s.ource would be p l ~ o p o r t i o n a t e l y  inoreased.  

' < , . 
- w s l l e r s - . -  *ha s tu& af  &ontprgssibrl&-ity pheaqmens 

wa.8. ilpit&a,t%d. beeaqse., of. d i f f  i c u l t . i e s  i n  .pr.oggl-ler des tga .  
Whi.1.e marked,. gainq.~&ave been made $he pqope l l e r  stlll 
of $e$s, &he. q o s t  s e r i o n s  compxesoibil if  y .problem. The 
sge.ap. of t he  p r o p e l l e r  i s  a lyay~3 .appa!eoiaBly g$ea.t&F. thaa 
%he f3.p-eed a f  . t h e  a i r p l a n e  because of .  t h e  r..otatidnalhoom- 
poneq$. r ~ r t h e r ,  because of s t r a o t u r a l  apd yibrat i .bn 
pra,blems that- ,  haye begn encstlpteae&, tks bLade-sect3ton 
th$aknbss  .rati,os.,, p a r t i c u P a r l y  $-nb.oard, have b.een very 
gra4 t "and  as a ?onse.quance have: bow cri t ica-&--ppeeds.  In* 
i t i a S l y ,  %.he compres . s ih i l i ty  groblem with  prope l le ra .wn8.  
a s s o c i a t e d  wi th  t h e , t i p  p o r t i o n s  ~ a l y ,  but, because of 
recen4  and. co,ntemglated i n c r e a s e s  I n  af:gplah(s @pe.ed.s, 
p r a t r t i c a l l y  the. e n t i r e  p r o p e l l e r  i s  arPPect.ed, &me pro- 

, p e l l e r s ,  hayf ng e.a,posed oy+iradrieal  b.2.adie shanks, oWez 
d f f f  i p u l t i e s  . ,at speeds. raLightly aver  300 ,miles per hour. . 

. . 
One p u r s ~ ~ t  a.$.rplpee investigated. s;grne timr ago i n  

t h e  full-sca1.e tunne l  showed p o s s ~ b i . l i . t i s e ~ o f  a t t a i n i n g  a 
speed appko?ahing++,400~ mi1e.s- pe r  hour. at a&Bituds.,  provided 

, r e a q ~ q a ' b l e  pxbpe l l e r  edf ic f ,&ncy -6ogld be ~'b-tairrsl.&~. an 
examination. of the  pr.apelher -p$ovi&sd with- +he a i r p l a n e  at 



rnbditiofi"~t.@l--4%O~~~&rl*ers~ p*eF+<hourr a'tPf20 ,000 fe*~-W%bdicat& 
LY 

t h a t  s e r i o u s  d i f f i c u l t y  might be encountered.  The b laae-  
hm s e c t i o n  speeds and the  b lade-sec t ion  c r i t i c a l  speeds  .are  

shown i n  f i g n r e  17. A t  t h i s  a i r p l a n e  speed and a l t i t u d e ,  

k adve r se  c o m p r e s s i b i l i t y  e f f e c t s  e x i s t  over t he  e n t i r e  
b lade .  The l i k e l y  e f f i c i e n c y  P s  problematfcal  but  canno* 
be p laced  ve ry  high. Study of t he  problem i n  t h e  l i g h t  

k of new blade s e c t i o n s  a v a i l a b l e  ( r e f e r e n c e  16) i nd i ca t e s  
I - 

t h a t  wi th  r e l a t i v e l y  s m a l l  changes the  p r o p e l l e r .  can be r made to opera te  wi th  normal  e f f  i c i e n c i e s .  %he changes 
@ invo1ve~ ' the  u se  of c u f f s  having new I&te  compress ibi  li ' ty- 

s e c t i o n s  extending from the  sp inner  t o  approximafely 
5 pe rcen t  of t h e  r ad ius .  The b lade-sec t ion  th i ckness  
a t i o ,  a f t e r  the  ins t=al la t ion of cu-ffs ,  i s  25 percent.. 

%n i n c r e a s e  i n  blade s d i - d i t y  over the  out%oard po.rtaione 
of a p p r ~ x i m ~ a t e l y  14 pe rcen t  t o  dearease  t h e  L i f t  c o e f f i -  
c i e n t  and the t h i c k n e s s  r a t i o ,  and the  use  of t h e  c u f f s  
inboard  permi t s  s u f f i c i e n t  ga in  i n  c r i t i c a l  speed,  as 
shown by the  upper curve, t~ e l imina t e  adverse  comprks-' 
s i b i l i t y  e f f e c t s  except f o r  t he  t i p  s ec t ions .  A lower ' 

gear  r a t i o  and somewhat h i g h e r  s o l i d i t y  are ind ica t ed .  
- -  - -  

: - 
For t h i s  p a r t i c u l a r  des ign  the  bl&.de effkci-ency- can 

ue maintained by s l i g h t  changes. With f u r t h e r  kn$$ease. 
i n  speed and a l t i t u d e ,  however, t h e  problem beeomes acu te r  

' An e x a m i n a t i m  of the  g e n e r a l  type  of p rope l le l .  that. may 
be r equ i r ed  a t  speeds uf 600 mi les  per  hour and. 2"5.,000 

. f e e t  i s  i n t e r e s t i n g ,  The curve shown -sn"f i g u r e  1.8 g i ~ a s  
P a  h e  b lade  s e c t i o n  speeds i f  Lt i s  assuared t h a t  %he 280'0 

ngirre wi th  t h e  0.4 gear,  r a t d o  and al?-'11%-f0o.b &.3arneDa~ 
r o p e l l e r  a r e  used. The p o i n t s  shown ag tBe carve  9neh 
a t e ' t h e  c r i t i c a l  speeds of  t h e  s e c t i o n s  t h a t  wo.ulb,"be 

s e l e o t e d .  The.. blade s e c t i o n s  assumed a r e  t h e  l a t e  04iC4.+ 
:cal-speed type.. The l i f t  coeffieSenfj assum& ic3 .0.3 EL*' 

t h e -  0-7 ' r a d i u s ,  and t h i s  Ps Aecreased .toward t h e  t i p  aad 
t h e  roo t .  The b-lade-section th i ckness  r&%ios vary  f2om 
0.84 outboard t o  0.12 at the 0.4 rad ius .  Af these lift 
c o e f f i o i e n h  sextaeme so l i i$d t ies  a r e  re.quired t o  absorb  

. t h e  powex. The h e c e s s a r y ' b l a a e  p l an  farm., wi th  & t h r e e -  
- to lade  p r o p e l i e r ,  . i s  shown on the  f i g u r e .  @f course ,  if 
1 - more .blades% a r e  Chosen; the  &lade  width w i l l  Qecrease*.  - - - 

- :It i s  important  t o  r e a l f z e ,  hdwever, t h a t  $ e i t h e r '  t h 6  
- 

.''thiblcness petio nor  ' t h e  lift c o e f f i c i e n t  can b8, increases 
b e c a u s e  t h e  c r j t t c a l  speed would be exceed-eb. 
i , . 

The b l a d e ,  se shornk has  appraxima&~..aly t h r e e  t imes - 
normal b lade  w&,dths. PT a six-blade' c o u n t e r r o t a t i n g  pro- - .  

$ W @ A F ~ & $ . ~  & ~ d e k 8 i  



be- ~?e'&'l;rc ed ace  q:p-d&pe;-l y , 6wt. the  same bLa'i2'e - s e.o t fS6fi t k & ~ t -  
nep,'s ra t$os  arrd l - l f t  c*~~eff ic i '$n%~s woqild 'be requa-d Tli: 
o t d e r  Q.o. avoid c o m p r e s s i b i l i t y  l o s se s .  Thus, a su i t ab3e  
p r o p e l l e r  would be  a c-ou>terrota.ting s ix -b l sde  prope'xl'er,, 
hav ing  bAades each appr'oxima.bely 1%. normal $ol%dit-$ sad.. 

. t+&fc&ness,,  raDr.fos of 0il.e-half t o . - t h rae -qua r t e r s  tt'hos,e now 
i n  usle. 

In t h e  des ign  of p r o p e l l e r s  f o r  such high speeds. and 
, '  

a l t i t u d e s ,  c l ea rance  on c r i t i c a l  speed i s  the  pr imary ,conr  .<<, i 

d i t i o n .  A s  po in ted  out  above, l o w  l i f t  c o e f f i c i e n t s  a r e  Y 
necessary .  An important  consequence of t he  low l i f t  coef-  ,.* 
f i c i e n t s  wi th  h igh  s o l i d i t y  i s  improved e f f i c i e n c y  i n  t h e  - 

t ake-of f  and cl imb cond i t i oas . .  The low ope ra t ing  l i f t  d 
c o e f f i c i e n t s  a t  high-  speed ef'Pec.t;5ively i n c r e a s e  t he  u s e f u l  - r 

a n g l e  of a t t a c k  o r  blade-nngle range and a wider range of --: 

V/nD . between t h e  high-speed cond i t i on  and maximum t h r u s t  1, 
c o e f f i c i e n t  5 s  o%taimed. zhus,  devel"opmen't of widerr . 7 

B-ladbs o f f e r s  ga'i-ns both  i n  h igh  speea 'and i n  take-off  and 
cl imb. ,. . 

Fliprht e x ~ e r 2 e n c e . -  The gene ra l  n a t u r e  of t he  com- 
psessibil2atyr phenodena has beeri d i s a l o s e d  e r t i r e l y  by 
w h d - t u n n e l  r e sea rch .  The phenomena, &ts found -are i n  

. agreement w i th  gene ra l  fundamental concepts .  Neverthe- 
l+:ss, questiona.ha.ve a r i s e n  as t o  the  v a l i d i t y  o f  t he  
genb-ra l  r e s u l t s  i.n f l i g h t  and t h e s e  ques t ions  appear t o  
be based on p i l o t  r ,eports .  Admittedly,  thexe mag be some 
tunnel-wal l  e f f e c t s ,  b u t ,  so f a r  as the  gene ra l  n a t u r e  of 
th.e phenomena is, cgncernwd-, t h e s e  e f f e c t s  a r e  q u i t e  I l k e l y  
of serb.ond--.order importance. .Some a u t h e n t i c  f l i g h t - t e s t  
data have been obtained.  The ex i s t enoe  of compression 
shock with  t he  consequent d , r a $ . r i s e  was found and, i n  
gen-eagl, the..nat.u.re .of t h e ~ ' c o m p r e s s i b i 1 i t y  burble  a& 
shown by the  wind-tunnel r e sea rch  was sho*n'by t h e  f l i a h t -  
t e s t  r e s u l t s ,  

Pigure 1 9  i l . 1 u s t r a t e s  t h e  g e n e r a i  natjme o r  r;ne f iow 
a s  shown by p re s su re -d i s  t r i b u t  ion  measurements. ia f l i g h t  
and i n  the  wind tunnel .  E.xact c o r r e l a t i o n  i s ,  of course ,  
no t  t o . b e  e x p e c D e d ~ h c a u s s  a i r f o i l  s e c t i o n s  d i f f e r ;  an&, 
f u r t h e ~ m o r e ,  %he' f $ l g h t - t e s t  data .  a r e  not  for' a unique 

. value  of the  Maeh number but r a t h e r  a r e  averages  f o r  t he  
range of Mach numbers shown on each p l o t .  .The g e n e r a l  
r i s e  i n  p r e s s u r e s  wi th  i n c r e a s i n g  Mach number is ev iden t ,  
as.. i s  the  shack wh%ch.is  Bhown by t h e  ~ ~ s c o D $ $ ~ u ~ ~ Y  f q  
.the p re s su re -d i s t r i bu t - ion  c h ~ v e s .  I! i s  c.ear that  t h e  
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Fig.  1 

Figure 1.- Ge v i e w  of NACa rectangular high-speed wind 8-1 
and ##@h$ieren photography apparatus. 

% '  
. - 



Figure 2.- Schlieren photograph of NACA 0012 Figure 3.- Schlieren photograph of NACA 0012 
a i r f o i l  of  2-inch chord. a i r fo i l  of 2-inch chord. 2 .  

Incipient stage of shock formation. NACA 20-by Shock front established and drag rising sharp- % 
4-inch high-speed wind tunnel; Mach  lumber, ly. NACA 20-by &inch hi&-s~eed wind tunnel; IC) 
0.764. Mach number, 0.835. Y w 



Figure 4.- Schlieren photograph of NACA 0012 Figure 5.- Schlieren photograph of NACA 0012 
a ir fo i l  of 2-inch chord. a i r fo i l  of 2-inch chord. 

Drag coefficients many times the 18-speed val 
ues; flow unsteady. NACA 20-by &-inch high- 

s lspeed wind tunnel; Mach number, 0.893. 







NACA Figs. 11,12 I 

Figure 11.- Airfoil critical speeds. 
'20 

Effective. Reyno/ds number 

Figure 12"- Effect of compressibility on the 
drag coefficient. 
NACA 0012 airfoil. 



Figs. 13,14 

: I Nose 2, bod; 2 

NACA cowlinq c 
(reference 12) 

Early cow//ng form 

0 200 400 6CX7 
Critico/ speed at 24CXX) ft, mph 

Figure 14,- Cowling development. 



Figure 15.- Waste heat 
recovery. 

Figure 16.- Meredith 
effect. 



Developed plan form 

Figure 18.- High-speed propeller. 






