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By K .  X. Czarnecki and  -kchi'Deld R. S'lnclair 

With the d v e n t  of flight a t  sucersonic  speeds Ylere has been  renewal 
o f  interest   in   tne  sEbject  of bounds-y-layer -Lransitio_n_. Whereas ex-peri- 
ence has shown tnat   extersive runs of  laminax rlow canmot be  obtained  uncer 
p rac t i ca l   f i e ld  operati-ng  conditions at subsonic  speeds,  both  theory a d  
practical   considerations  indicate a more favorable octlook at supersonic 
speeds . For exanple, it has  been  demonstrated tlnat longer runs of laminar 
f l o w  can be  obtained by cooling  the  boundwy  layer and that the cooling 
can be obtained by t&in& advantage of the  natural  heat  capacity of  a 
missile, at l e a s t   i n   t h e   i n i t i a l  pheses of the flight. Also, since  the 
missile i s  intecded t o  make but e single   f l ight ,   the  constrLzction md 
flzintenance of 2 smooth swface  i s  simplified. Further, szch  lerge reduc-. 
t ions  in   drag anC aerodp-amic-heating rate  are  possible  with  lminar  f low 
tha t  reexa?in&,ion of  tine problem of t rans i t ion  is imperative. This paper 
surveys t i e   a v a i l a b l e   ~ 2 t e r i a l   t o  summrize  what i s  known tc  d&te aboGt 

b boundzry-leyer t rans i t ion  at supersonic  speeds. 

The bulk of our cwrent  information on supersonic  %ransition comes 
fro= wind tunnels. As ir? subsonic  tunnels,  the  transition reslllts obtained 
are c r i t i c a l l y  depenaent on the  qual i ty  of t ? e  airstream. It i s  necessary, 
therefore,   in  my  enalysis of t u n e l   t r a n s i t i o n  data t o  first ascer ta in  
whe-t'ner the  resul ts   are  unduly effected by wi-nd-tunnel disturbances. 
Indications have  been foymd that  supersonic  trensit ion date are  cffected 
by loca l  shocks  and angu1Z;rity of tine t m e l  airstream as well  as by 
turbulence  level. Because it i s  diff icul t   to   evaluete   the  qual i ty  of 
supersonic  tunnel flows by d i rec t  measuremect of these  factors,   the HACA 
is conducting  comparative t rens i t ion  tests wlth  zero  heat  transfer 02 a 
part icular  b06y shape, a 10' cone, i n  hany of i t s  supersonic   feci l i t ies .  
In   f igure 1 ere shown some of the   resul ts   obtained  to  date. The Reynolds 
r-um'Der of t rans i t ion  Rt, basea 02 distance from the nose, is plot ted 
against M and also against  R ger  foot.  Both abscissas are used  here 
simply to   def ine  the  tes t   condi t ions end not t o  indicate that they Etre 
s i g n i f i c a t  parameters  affecting  transi" LrlOII. 

This T i w e  is presented ollly t o  show the wide rexge of t rans i t ion  
Reynolds numbers obtained in d i fzerer t  tmnnels  under  compzrcble t e s t  
conditions and hence the wide var ia t ion  in   the  qual i ty  of the  &irstreams 
in these wind tunnels. Some of t h e   f a c i l i t i e s  have suf f ic ien t ly  smell 
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distur'cances  to  pemdt  extensive  laminar flok-s, ?or exmple,  the Langley 
9-irLch ad &-foot  supersonic  tunnels. 

Ir the remainder of this >=per  the  bulk of the  tunnel ckta use& are  
Prom tcese two t1mnel.s having the  high  transition  Rep-olds niimbers. In  
addltioc, t r m s i t i o n  dats, frox m d e i   f l i g h t  tests i n  still air at the 
U.S . Navel Ordnance Laboratory axd at the h e s  Aeronautical  laboratory 
are used. 

The ef fec t  of Mech number on t rans i t ion  on snooth  bodies at super- 
sonic  speeds iE corsidered  in  figure 2. The data  presented at the lover 
Macn ntllllbers, X = 5 o r  Less, are  for zero or essentially  zero  neat trans- 
f e r .  The data  at the :?i&er Mach cumbers include soxe bomdazy-layer 
cooling. The point a t  M = 0 is the  t ransi t ion Reynalds nm3er for  a 
fLa5 g la te  et low s-geeOs for  a wir-d-tunnel turbulence  level of l e s s  than 
0.1 -,ercent ( r e f .  1) . For the lower Mach number t e s t s ,  R t  generally 
correspznds to  transLtion et the madel base; hence there are no  c'nanges 
in  pressure  gradient  to 3e considered. The arrow at M = 5.8 ( h t e .  
Zron ref. 2), fncidentally,  indicates thet the  exact  value of R t  i s  
not 9~ow-n h i %  is  greater  than  the  value  glotted. 

In  general, tifie resu l t s   in   f igure  2 for M less  thn 5 indicate a 
decresse  in Rt w i t ? ?  increasing Mach  nzmber except for the  cor_e-cylin&er 

wher, X i s  less  than 2.  It may be remerked here  that   the  rate ol" decrease 
ic t r m s i t i o n  Reynolds r,wber  with  increase i n  Mach rmber  may be effected 
sorrewhat by changes i n  tmnel-flow  chazacteristics  thet  cccu" wlth changes 
in   t es t   sec t ion  IJIoch n-mber. From tiiese d&ta op,e m i g h t  exsect  to  obtain 
very l i t t l e  la%inar flow a t  kigher Mach xxabers and t k i s  was the  s ic ture  
:=til recently. Iiecent hnersoric  wind-t-me1  results,  however, show the 
re le t ive ly  high \=lues cf Rt indicated by the 2oints for  M = 6 end 7. 
These relakively high values or' Rt me  Selieved  to be due n a r t l y  to 
favorable ileat-tra.nsZer effects  vhick my  Us-mllJr be ex2ected at hypersonic 
speeds end partly to   f&vor&le  shock-Sou~~~y-layer   in5ersct ions at Ghe 
xose of t'?e xodels  vhich  result  in E favorakie  local  2ressure  gradlent 
(ref. 3) . The i n p o r t a t  conclusion  tha5 c m  be &awn i s  t3et values of 
Rt of the sa%e order of ragnitude as those  obtained at low sugersonic 

s;?eeds c a  be o3tained in   pract ical   cases  at hnersonic  sneeds. 

- 

Figure 3 shoxs the  effec's of surface  pressure  grdient  on smoo-lh 
Sodies z.t a Kach r xxbe r  of 1.61. Tne sketches i n  the upper par t  of the 
f lgne   i nd ica t e  "le -Lypes of bcdies  tested and the i r  gress-cre drstribu- 
t ions.  The c"zrves in   the lower par t  of t h e   C g w e  &re a plot of the  
masured sk5.n f r i c t i c r  besed on wetkeci-s-urfsce area. At the poirz-l  where 
',he experhectal   skin-fr ic t ion  cmve leaves the   theore tka l   La i inar  curve, 
t rmsi t ior -  has sgpeared st the  base of the 3ody ad. i s  begirming to move 
f0ErnTd. 
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c 73e results  indicate  that   the  parabolic body wi'h EL moderetely  favor- 
eble  gressure  gredient  over  the lengt'n of the body had the  largest  velue 
OF Rt, &out 11 x 10 . The cone-cylinCer  with  the least amount of I"av0.r- 
able  pressure  gradient showed the  lowest v d u ,  about  2.75 x lo6. From 
these  resul ts ,  it i s  zpp-ent tha t   p ressure   g rd ien t  32s EL strong el"r"ect 
on t r m s i t i o n  at the  lover  su3ersozic M~ch n d e r s  j us% as at su3sonic 
sgeeds.   In  order  to  obtain  high  nlues of Rt, it is  epparentiy  desirable 

to  mcintein a fevorable  pressme  gradient where the boundazy layer i s  
x0s-L susceptible t o  i n s t au i l i t y  - in   these tests a fzvoreDle  pressure 
gra&ient  towad  the rem of tine Sody. A t  higher test  3eynolds  nwbers, 
when trznsi-lion  has xoved forwar& on the  bodies,  both  the  ogive-cylinfier 
and cone-cylincer show l a g e r  runs or" 1 e n i n c  flow  than  the  perabolic 
body because  of the  nore  I'avoreble  pressure  gradients oc the  ogive  or 
a t  the coze shoulder. 
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Some aMit iona1   resu l t s  showing the  effects  of pressure  grzdient 
are presented iz figure 4.  in this  case  the  pressure  grz&ient was a l te red  
by changLng the shage of the body progressively Trom tha t  shown at the 
upper l e f t  t o   t ha t  a t  the upper r igh t .  The transi"uon  results ere plot ted 
against t'ne r e t i o  of Sese area t o  mximun cross-sectional =ea, which is  
a rough  incex of  the  iccresse in le-ngth of favorable  pressure  gradient. 
It may be  coked that  increasing  the m of  favora3le  pressure  gredient 
r e su l t ed   i n  e reduction  in the rate of falling pressure.  Transitiolz in  
these   t es t s  elways occvrred at the 5ase. 

The resul ts   indicate  e large  increase  in Rt vith  increase ir, length 

of' favorzble  pressure  grecient at both Mach mri3ers  investigated. The 
reverse ir- the cu-rves a t  the lo-west area r a t i o  is due t o   l a n i n u  separa- 
t i o n  at t5e modei base. The resson  for   the  discont inui ty   in   the Mach 
cumber 1.93 curve n e w  %as@- = o .7 is not h o r n .  

An Enalgsis of the  data   f ro3 which the  curves of figures 3 end 4 
vere  obtained  md of other   resul ts   avai lable  a t  supersonic  speeds shows 
a tendency f o r  the  favorable  efTects of a fall ing  pressme  to  decresse 
as the boundary layer becomes th in  as ne= the nose  of a body or a t  very 
high   tes t  Re - olds nw5bers. In  addi t ion,   theoret ical   calc-dat ions by 
Lees ( r e f .   i r m d  by Weil ( r e f .  5 )  predict  e decrease i n  the  effects  of 
pressure  gradient &s 24 i s  increased;  elthough, es yet,   there i s  no 
relieble  emerime?ztal  verification. 

The poss ib i l i ty  of a large  sta3+lizir!!   effect  due t o  cooling of the 
laminar bomdary layer at scpersonic  speeds i n  the case of  the Tollmien- 
Schlichting  type of boundary-layer inskzbi l i ty  w a s  predicted  theoretically 
in  the  vell-lmom work of Lees in 1947 ( r e f .  6 )  . Recent studies,  partic-. 
u lmly   those  ir- the Lag ley  4- by &-loot supersonic  pressure tune1 



( r e f s .  7 and 8) a d  i n  f L i g k %  ( r e f .  9 )  , :lave con_'irmej. the  existence of 
t k i s  eXec t .   I n   f i gu re  5 ,  the chart on t5e  r ight conpares the  theoret ical  
e f f ec t  c l  ?eat  transfer crn zhe s t e b i l i t y  of the boundary layer on e fh.5 
plate   ( re? .  10) wit!! tke e ~ e r h e n 5 a l   e f f e c t  of heat  transfer on trensi- 
t ion  on the Sal-10 parabolLc  body. The parmeter 3% is  plotted  against 

Tw/Tm, the   ra t io  05 vall  temFerature to  free-stream  tem;?eratu-e. Regions 
t o  ",ne l e 3  of  2ke curves  indicate  eit'cer z theoretically  sxable or exper- 
irefi tally lunicar bomdarg layer. A t  a value of t h i s   r a t i o  of 1.05 the- 
ory izdlcates %hat the boundary lzyer w i l l  be  stzble  for a l l  3eynolds 
r-umbers. The trends of Yr-e curves a re   i n  good agreement. A p a r t  of the 
Eiap1Ecernen-L between curves  occurs  becazse of the com2arison  between two- 
md three-dimer-sionel  bodies , a T a r t  beczuse  of the  edditional  length of 
surface  required for the  disturbance  in  the bow-dary h y e r  to  an2LiPy 
sufficien-lly t o  break down the lam.ixzr flow, and ur_o%her p a r k  beczuse of 
%??e  favorable  pressure  grakient  cn  the body. The highest   vake of 
obtained  in  the =urnel tests was about  28.5 x loo ( r e f .  8 ) .  The highest 
vzXe sf Rt measxred to  date w i t i  cooling is  about 93 x lo6 md was 
obtalned a? White Saniis Proving Growd in   f l i gh t  on the  conical  nose of 
e V-2 rocket  (ref.  9 )  . Tms, if transi t lon cam be limited  to  the  appar- 
ent ly  Tollmien-Schli-c'nting tJTe, boundary-l&yer cooLiEg w F l l  be of great 
a id  ic obtaining long runs 05 la%iner flow. 

t- 

I n  the  chart on the  lef t   the   ex2erixectal   resul ts  f o r  YAe pargbolic 
body heve been  re3lofted  agaimt AT/Tstagr rn Cnaex of the mount or 

heatFng or cooling  relatlve co the  stagnation  temperature.  In  addition 
are  s h o ~ m  sone r e s u l t s   t J 9 i c a l  of  the  earlier  experinents  in  other wind 
t m e l s   i n  which low adi&bs,%lc trmsition Reynolds nunbers -sere obtained. 

An analysis of the  resul ts  shows  Ynat  %hen %he trer-sition Reynolds 
number for  zero he&'; 5 rmsfer  i s  low, the  effects of hea t   t rmsfer   a re  
snall, md, when Rt fcr the ad+zbatic case is high, the ef fec ts  of heat 
t rmsfer   a re   l a rge .  The low effectiveness of  heat  transfer on t rans i t ion  
i n  the e u l i e r   t e s t s  i s  usually  derived  fron YAe f ac t  tnat t rans i t ion  
i s  generally in'luenced by surface roughness, boiul-dary-layer separation 
due t o  zdverse  pressure  greaients, o r  t>nne l   e f f ec t s .  Tnese types of 
t rms i%ion  cio not appew t o  be  strongly  influenced by heat   t ransfer .  

Because of i ts  importm-ce, the  next  type of t rans i t ion  t o  be studied 
is  4nat due t o  surface  roughness.  In  figure 6 i s  presented a s l o t  of 

, +,ne r e t i o  of Reyncids  nunber of trmsition  with  single-element 

surfece roughness t o  Reynolds n:mber of transi5ion  for a smooth bocy, 
wains",  the  parmeter k 6*k, the r a t io  of roughness height  to  bourdary- 

layer  displzcer-ent  thickness at the  roughness. The so l id   l i ne  is the 
low-speed correla5ion  obtained )Jy Dryden ( r e f .  1) on the  basis of transi- 
t ion  data f o r  Reynolds nurbers less than 2 x 106. For this case, tAe 
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resu l t s  show tha t   fo r  a roughness-height r a t i o  02 less   then 0.1 single- 
element  surface  roughess  has no e f fec t  on t r m s i t i o n .  Results Tor bodies 
hving  vzlues  of Rt greater  than 2 x 106 do not extend t o  suf'liciently 
IOU values or' k b k  to   es tab l i sh   the   va l id i ty  or  this  conclusion  for 

cases  with  longer runs of lamicar flow. 

Only one approxhate  point i s  eveilable Tor glott ing  for  the  super- 
sonic  speeds. This point  indicates a sonexhat  higher v d u e  of roughness 
ra t io   required  to   effect   t rensi t ion  thvl   in   the  subsonic   cese,   but  %he 
poiat  may be  within  the  range of sca-iter  obtained i n  the  scbsonic  correla- 
t ion .  A soxevhat l m g e r  amomt of datz is =veilable Tor conparison  with 
subsonic r e s u l t s   i f   t h e  Re-ynolds  number for   t rans i t ion  itself is plot ted 
against roughness r a t i o  as is  indicated  by  the c : w t  on t h e   l e f t  ir- f ig-  
w e  7. The tkzee dEta points for the paxabolic 3ody at M = 1.61 aspeax 
to   la l lwit 'n in   the  sme  range as the low-speed a i r f o i l  data l o r   s i n i l e r  
single-element  ro-@ness. Tne steep rise i n  Rt as the roughness r a t i o  
i s  reciuced in the supersonic  case compares closely t o  the trencs  obtained 
zt high Reynolds niirTiDers of  transit ion  subsonically.  

In   the   chmt  oz1 the  ri&t i s  presented a 2 i o t  of Rt against  the 

pa_r=&eter ~ k for distr2buted surface roughness on m- ogive-cylinaer 
W 
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body. Wnen tine roughness is  distributed  over arl =ea it i s  not  clear 
whzt value of bounci&r-layer  thickness  should  be  used as en index of the 
ro-@ness effect;  hence, e a  arbitrary  value of' bocndazy-layer  thickness, 
6 Tor R = lo6, w a s  chosen for   th i s   char t .  The tests were made with 
a %rall-to-free-strean  temperature r a t i o  of about 1.04, thus  indicating 
t h s t   t h e   t e s t s  were w5thin the  region  for   inf ic i te  Tollmien-SchlichtFng 
bomhrry-layer  stabil i ty  for E f l a t   p l s t e .  Tae re su l t s  show trends S~A- 
iler to  those  detenrrined  for  single-element rocglhaess. Other  preli2inary 
data indicate  that ,   for  equivalent roughness heights, t r ans i t i on  w i l l  OCCUT 
at lower  Reynolds cumbers for dist r ibuted  roughess  thm f o r  single-element 
roughness when the  leading edges o f  the  roughnesses are at the sme 1ocetLon. 

An investigation 05 efPects  of  heat transfer 011 t r ans i t i on  due t o  
roughness was  made on the  perabolic body at M = 1.61 ( r e f s .  7 and' 8) 
but few of the datz were susceptible t o  the  present tyge of analysis.  
A stxf iy of the  trends,  hovever, shows thz t   the   e f fec t  of heat transfer 
02 the   c rc t ica l  roughness  parameter nay be sm~ll. In  par t icular ,  how- 
ever, the r e su l t s  showed tha t  whenever t rans i t ion  WES s igni f icant ly  
affected  by  smface roughness or, f o r  that ratter, by any other  type of 
finite  disturbence,  then bound.zry-l.&yer c o o l q a  ka,s ineffect ive i n  
extending  the  length of the  la?inar run. . 

If the   resu l t s   tha t   hwe been presented 011 surface  roughness  are 
interpreted t o  n;em that   the  Mach nuiber  effects on the  correhtLons 
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a re  srrzll, then "or consfant  ReJnolds  nmber the ellowable  ro.@mess 
height   before   t rmsi t ion is effected  snould  lncrease wi tk  Mach number 
because oi the  grovth of bo-;r-dsry-l&yer "3-ickness wrt'n lhch number. 
At M = 5 the sl1owa'cI.e roughness sho-dd  be  increase& by 2.5 a15 at 
M = 19 by a fac+,or of 5 ( f i g  . 8, l e f t   p lo t}  . 

In  aCdi%ion, as the altitl-.de is  increased or the presswe  decreased, 
%Ee mlecular  inem- free 2ath becmes  reletively  large conpared to  the 
protuberance  height end continxx  flow will nct   ex is t  and the  effects  of 
surface  ro-zgkess ~ & y  coxeivably disap3es;r. Calculations  indicate that 
for e l l  cases wkere surface roughness effects  coald be detected  the rough- 
ness vas considercb2.3- greater  than 100 t h e s  ;he length of the moleculzs 
mean free path (fig. 8, ri&t plot)  . The calculations elso show that,  
even on the basis of this cri terion,  the allokra-ole surface  roughness Till 
be  greater  than 200 mieroinc2"es et 100,COO I'eet and 7 C 0 0  microinches,  or 
C.CO7 inch, at 200,000 fee t   a l t i tude .  E e  ehz&ed a rea   i n   r i gwe  8 indi- 
ca~cps the us:-rai r a g e  of nx i r r ix  sl;r?ace  roughness  ercountered on wind- 
tunnel m b  f l i & t - t e s t  mdels. 

Up bo now e l l  b t a  k h a t  have  been ?resented heve been for bodies 
only a d  T c r  zera &Wle or" atteck.  Airplanes ~ n d  missiles, however, 
-~su=lly have w i r g s  a d  f l y   a t  some mgle  of afttack. Tcere are  insuf- 
f i c i e n t  data on  wing t r a n s i t i c l  t o  present any ty;?e of cor rex t ion;  hencz, 
t h i s  pkase will not be discussed.  Figure 9, however, has been  prepered 
t o  show the   effect  of a on lit fo r  two bodies,  each at a different  c 
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Mach cmber .  The tes ts  of the garabolic body were xade i n  a wind funnel 
without  heat  transfer a d  t r w s i t i o n  w2s  obtained from force  tes ts  md 
boundary-layer  surveys. me  res l ; l ts  Yncs correspon6 ';o t rans i t ion  et the 
base of the 'Dody.  The t e s t s  of t'ne slender  ogive-cylinder were made i n  
the Ames free-f l ight  tunnel md include a Luge  mount 09 cooling. In 
this  case t rans i t ion  'UTES obkined by  neans  of sWowgr&p3 st-adies and 
i s  shorn ?or %he usper  surface  only  since this is the =ore cr i t ical .  
surface. The l a t t e r  testx were also l intted t o  a Reynolds number or" 
11 x 10 . 6 

Bot?? s e t s  of &+,a, vhich  incbde  differences  in  Mach nuxber and 
heat-transfer  conditions,  indicate similar trends: a decrease in % 
as  CL is increased. For the  p&r&bolic body, a change i n  a, from 0' 
t o  9 red-cces Rt by 60 sercent .  Sot?? curves  are not too well  defined 
f o r  cc l e s s  than lo, but  the trer-ds appear to   indicate   that   t ramsi t ior  
will be sensit ive t o  OL eve= a% very low angles. 

I n  conclusion, first, Soun&ary-layer transition  should  be of the 
Tolhien-Sc'nlichtir-g  type i f  favorable  efrects  of  pressure  gradient and 
hea5 t r a s fe r  a re   t o  be realized. Efa.xhm trans i t ion  Reynolds numbers 
of about 28 x 106 in   wind-+Del  tests of a garabolic body and 90 x IO6 
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in   Z l igh t   t es t s  of a co-n-e have been obtained witn bounCery-layer cooling. 
The ef fec ts  of surface rougnness at su5ersonic  speeds cppeer sinilaz t o  
%hose &-ti subsonic  speeds, and the allowable-rouglmess-height permeters  
are OF zSout t3e  szm mzgnitude es a t  subsonic  speeds. Hence, to  zvoid 
trmsi-l ion due t o  ro-&ness,  the  roughness size should be l i x i t e d  t o  
about 1/10 t3e  bourdzry-layer displecemer& thickness.  Finally,  for the 
longest  possible runs of  l m i n z r  flow, the b o Q  should be  closely alined 
with the f low.  

Langley Aeronauticzl  Laboratory, 
Nztional A&visory Committee for Aerozzutics, 

Lagley  Fieli i ,  Vz. ., September 1, 1953. 
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