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UNCLASSIFIED 

WITH MACH rrmMBERs UP TO 1.2 

By Marshall P. T u l i n  asd R a y  H. Wright 

Turbulent4oundarg"layer  profiles a t  large Reynolds nunhers and 
with Mach  nurnbers  up t o  1.2 are presented. Uhder the  conditions of this 
investigation, the velocity profile shapes were substantially  unaffected 
by compressibility. The nondfmensional prof i le  shape was found to be a 

function only of the  parameter 4 (Hi = 5, where and Bi are the 

displacement thickness and  mmentumthickness,  respectively, which would 
be o tained i f  the  velocity  profiles were analyzed as fo r   t he  incompressible 
flow . A t  a Mach  number of 1.2 and with  the low values of existing 
fo r  E his investigation, the turbulent boundary layer  under the shock did 
not  sepazate. The increase i n  displacement  thickness  across  the  shock 
could be calculated  by use of the momentum equation. 

*i 

An investigation of turbulent 'bounm-layer  profiles at large 
Reynolds nmber8 and Mach numbers  up t o  1.2 was carried  out in  connection 
with the  deeigu and investigation of a circular  supersonic nozzle for 
Mach  number 1.2. N o  systematic  variation of the  vsriables Fnfluencfng 
the boundary-layer development w a s  attempted. 0- the bounbry-layer 
prof i les   exis t ing a t  various  positions on the nozzle w a l l  were investigated. 

The results obtained in  this investigation are turbulent4oundary- 
layer-grofile data at large Reynolda numbers, of the order of 40,000 
based on the momentum thichess, and at Mach num3ers up t o  1.2. The 
effects  of compressibilitg on the  velocitg profile  hap^ and form 
parameters were inveetigatsd. Some boundery-layer shock-interaction 
data are presented. 

The experimental data obtained are of considerable valize, particu- 
larly because no experlmentd work inves t iga t iw  the   e f fec t  of cmpressi- 
b i l l t y  on the  turbulent-velocity  profile shapes has previously been 
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reported, although a d e m p i r i c a l  methods for calculating  the  thiclmees 
of the i n c ~ r e s s i b l e   t u r b u l e n t  boundary l ayer  have, by the w e  of 
reasonable  assumptions, been edended t o  Camnpr088ible flow (reference 1). 

H 
c 

=i 

M 

TO 

T 
O6 

U 

U 

X 

Y 

6 

%* 

r a t i o  of displacement  thiclu~ese t o  mumentum thickneee fo r  

. ccnnpressible flow - 1::) 
r a t i o  of displacement  thiclmeee t o  mamentwn thickness  for 

Reynolde number based an bounda;rg"lager mamenturn thickness 

(F) 
absolute  stagnation  temperature  ineide boundmy l q e r  

abeolute  stagnation  temperature at outer edge of bounkry layer 

velocity  inside bo.und8.q layer 

velocity 0uteid.e boundary layer 

distance f ' r an  throat,  poeitive damstream 

distance n d  t o  surface 

distance fran surface t o  outer limit of boundary layer 

boundary-layer displacement  thicknees fo r  campresaible flow 

. 



. 

% bounbry-layer mdmentum thiclrness for omgressible f l o w  

coefficient of viscositg a t  outer edge of boundary lwer 

density at outer edge of boundaxy W e r  

.""-" 

A P P !  AmD"em3lDs 3 .-- - .- ./ " - - . :: c?; ) 
" 

- 

This investigation was carried  out in the Langley &foot  higk-epeed 
tunnel. The Reynolds number per  foot waa of the order of 3 X 10 6 and 
varied fram 18,000 t o  64,000 based on the boundary-layer mamentun thick- 
ness. The variatian  inMach number w a s  continuous up t o  nearly 1.00, 
but only one supersonic Mach number, appro"5ely 1.2, was attainable 
with approximately  zero p e s a u r e  gradient at the measuring station. 
Mach numbera between 1.00 and 1.2 existed anly In the accelerating f low 
between the throat and the supersonic test  section. Except for the 
possibi l i ty  of moviq t o  vasioue positions along the nozzle, the 
boundary-layer Reynolds number was not varfeh independently of t'ne Mach 
number, and only two regions existed., one near the throat  and the other 
at the supersonic  %et Bection, where t h e  pressure gradients were 
approximately zero. 

The principal msasuring stat ions are Fndicated in figure 1, which 
also shows t h e  nozzle profi le  shape along with representative Mach 
number distributions The data presented in figures 2 and 3(a) were 
obtained at these  stations.  In these f igures   ident i f icat ion of the 
tes t  conditions is f ac i l f t a t ed  by the values of x and M given. -It 
will be noted that far the data of f igmea 2 and 3(a) long regions of 



accelerating f l o w  preceded the  test   posit ions.  For the general analysis 
of figure 4, data f r o m  vmious  positions on the wall of the  nozzle. and 
a lso  from a previously  used  subsonic test  section are  included. The 
data presented in figures 5 and 6 were obtained under the no& shock 
terminating the supersonic  flow a t  the downstream end of the  supersonic 
tes t   sect ion (see f ig .  1). 

I n  order t o   f i n d  out.whether the boundmy-layer development was 
affected by condemation of water  vapor, measurements  were taken with 
the  tunnel  sufficiently  cool  to cause  considerable fog in the flow, and 
these measurements  were  campared with those taken at much higher 
temperatures. No appreciable  difference appeared in the  boudary-layer 
measurements. 

The  metho@ of reference 1, in  combination  with same boundmy- 
layer measurements in  the  entrance cone  of the tunnel, were anplopd 
in   caput ing   the  bound.azq!"ayer displacement  thickmsn w e d  i n  the design 
of the  supersonic nozzle. The success of the nozzle  deaigned in 
producing the design supersonic flow a t t e s t ed   t o  the over-sll accuracy 
of the boundary-layer calculations;  but because of local  pressure 
gradients at the walls and becauee of a~ymmetry  angularly about the 
tunnel w a l l  of the wall boundary layer  ( the cause of this asymnetry llas 
not been determined) the boundary-layer calculation6 could. not be 
accurately checked by meem of boundary-layer surveys along a single 
axial line. The present  paper i s  therefore  limlted to the  investigation 
of  boundary-layer prof i les  and of the behavior of the turbulent born- 
layer under the  terminal normal shock. 

The t o t a l  pressures through  the boundary layer were measured by 
means of be3lk~ of  tubes open t o  the oncoming flow. The banks were of 
two sizes extending outward in to . the  f low 3 inches and 6 inches,  respec- 
tlvely. For the first 3 inches t he  total-ressure  tubes were spaced 
at --"inch intervals memured .frm center t o  center. On the &inch 

banks the tubes were apaced a t  --inch  intervals, measured from center to 

center, over the oyter 3 inches. The pressure differences were measured 
and photosaphically  recorded on manameters containfng  tetrabrmmt:me. 
Only data near a Mach number of 0.5 and above are presented. The total-  
pressure tubes used were of 0;05~inch-outs ide~iameter  tubing. I n  a 
few cases  the  total-pressure  tubes were interspersed  with  total 
(stagnation)  temperature  probes  constructed by placing small thermocouple 
heads a t  the  entrances t o  total-pressure tubes; 0.060-inch-outside- 
diameter  tubing was used for these  probes. Temperature  probes calibrated 
i n  the free stream where the  stagnation  tempratwe is known showed only 
-1 corrections  reqdred. With the EIIKU supersonic Mach numbers 
encountered Fn this investigation, the corrections to   the  total   pressure 
were s m a l l .  
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For  taking  accurate measurements of the  bom&y-byer profile at 
a given  point over a period of time, single total-pressure,  static- 
pressure, and temgerature probes were  mounted cm a micrameter screw. 
W i t h  t h i s  apparatus the position of the tubes was continuously  variable ' .  

f r a m  the wall outward t o  3 inches f r c g n  the  wall. 
For most of the surveys the s ta t ic   pressure was obtained. from 

measurements of the pressure at  or i f ices  in the % m e 1  wall. These 
orif ices  were 0.031 inch i n  diameter. Except in the region under the 
terminal normal shock, the presaure gradients were suff ic ient ly  small 
t o  cause the a t a t i c   p re s su re   t o  be eesentiallg constant through the 
boundary layer. 

Mach numbers -re obtained €'ram the r a t i o  of s t a t i c   p re s su re   t o  
total   pressure.   Velocity and density were computed under the assumption 
of coqitant  stagnation  temperature  through the bound&ry layer. Under' 
operating  cmditians  the  stagnation  temperature in the  tunnel nomadly 
r i s e s  as much as 140' F, but because of inadequate mixing of the cooling 
air, the  temperature near the wall WBB as much as Po l e s s  than th&t 
near the  center of the tunnel. 

- 

- .  The bounbry-layer data have been reduced ~ 1 8  if they had been 
obtained on a flat rather  than a cylfndrical  surface. Because the 4-foot 
radius is suff ic ient ly  large, the error due to. this simplication in 
calculation of the momentum t h i c h e s s  Bc and of the displacement 
thickness 6c* is less than 2 percent and t h a t   i n  the form par- 

. 

e te r  Hc - - 1s negligible. 
%C 

, Tqerature   considerat ions .- Temperature data 
Fncomplete and not   suff ic ient ly   re l iable  t o  permit 
of veloci t ies  with the boundesg layer and of the 
displacement and mcnnentum thicknesses. The values 

obtaFned were 
the exact  calculation 
boundary-layer 
of these quantities 

presented herein axe therefore based on t he   a s suq t ion  that the et- 
nation  temperature i s  constant throughout the boundary layer. Sam 
etagnation-tamperature profiles,  which,  however, are not  regarded as 
c a q l e t e l y  reliable because each prof i le  was taken p o k t  by point mer 
a period of time during which steady  temperature  conditions may not 
have existed, indicated a change in absolute stagnation temper- 
ature throughout the boundmy layer not  exceeding L6 percent. A t  a 
Mach number of 1.2, the largest far these tests, the  absolute  stagnation 



temperature exceeds the stream temperature by samewhat less than 30 per- 
cent of the  stream temperature; and if, as has been found by other Inves- 
tigations, with a turbulent boundaxy lwer approximately 90 percent of 
this temperature difference is recovered at the wall provided no heat 
transfer takes place through the wall, the change in eta@pation tempe? 
ature through the boundary layer at t h i s  Mach  number ie a3out 3 percent. 
With these comideratians in  mind, a linear variation of stagrmtian 
temperature amounting t o  a h e r c e n t  decrease at the w a l l  WBB assumed, 
an& the resul t ing errors Involved in  assumFng comt&nt etagmtion tem- 
perature were estimated. The following percentage errws were found in 
the various  quantities: 

Quantity 
u . . . . . . . . . . . . . . . . . . . . . . . . . . .  
€ji . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ei . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6, . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Hi . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Maximum error 
(percent) 

3 
-9 
-7 . . . .  -2 

7 

. . . .  . . . .  

. . . .  

. . . .  

The probable errors m e ,  of courae, much leas  than them maxlmwrm valuee. 
In  particular  the  values of u and Hf presented herein are not  believed 

t o  be appreciably in errm on account of the stagnation-temperature 
vasiation. 

a Velocity  profiles.- m i c d  velocity  profiles  with Mach number~l 
f i a m  0.5 t o  1.19 are  shown in figure 2. The velocity within t'ae boundary 
layer u i n  t e r n  of the  velocity U Outside the boundary layer i e  
plotted against the  nondimnsional  distance normal to the wall y / B f ,  
where Bi i s  the value of the boundary-layer momentum thickness that 
would be obtained f k c r m  a p lo t  of u/U a&mt y i f  the flow were 
assumed incnmpressible. 

With Fncmpressible flows, all nondimensional tmbulent+mundary- 
lapr profi le  ehapes have been  found t o  Se approximately functions of 
the single parameter 

a 

6, * 
Hi - .L 

ei 
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(See, for  instance,  reference 2.) It is  of in te res t  t o  discover 
whether a similm? relation  holds also w i t h  cmpressible f l o w .  The c e  
pressible nondfmermioml velocity  profiles have therefore been analyzed 
as i f  they  applied t o  incompressible flow. The values of Ei*, 61, and 
t h e i r   r a t i o  Hi have been  determined, and values of u/U at various 
values of y/Q, have been plotted against Fn figure 4. The symbols 
apply t o  t h e  data of this investigation, which include measurements a t  
Mach numbers f 'ran 0.5 to 1.2 KTth variations In R e y n o l b  nmber caused 
by changes in speed and variations in position along the  tunnel w e U .  
In same cases, the pressure gradients immediately  upstream f r a m  the 
masuring  position are posit ive and Fn same cases  negative. Measurements 
i n   t he  boundary layer under normal shock are a h 0  included. The so l id  ' 

l ines  In figure 4 are taken  f'romthe low-speed data of reference 2. 
Since the u/b va~xes at each v a l ~ e  of q e i  arrange themelves 
appro"tel;g  in%o single l ines ,  that 18, a definite value of u/rr 
corresponds t o  each value of y/8, for each Hi value, it may be 
concluded that the ncdimemionk-velocity  profile shape i n  coropreasihle, 
88 we= &B in incrrmpressible flow, is  approxhately a function of the 
single parameter 5. Furthermore, because the data of this paper agree 

agpement between lines and aynibols in f ig .  k ) ,  the functional  relation 
between Hi and the   prof i le  shape is the same for ccqres s ib l e  88 for 
inccmpressible f l o w ,  and thus  could be approximately represented by a 

f o m d a  of the  type = (E)'? ae in  reference 1. 

- approximately wlth the low-speed data of reference 2 (note approxFmate 

U 
I 

Most of the values of Hi found In this investigation are d e r  
than those reported in reference 2. (See f ig .  4.) The reason far the 
small values of Hi obtained is believed to be the existence of the 
Long region of accelerating flow whlch, i n  m o s t  cases,  preceded the 
measuring point. The large Reynolds number RQ is also favorable t o  I Q 

. 10; .values of H i .  Values of Hi a8 s e a t  aa 1.3 were obtained only 

/1 

fn the region of shock. 

Because the   p rof i le  ahapes depend & gi, the effects  of c a p r e m i -  ~ 

b i l i t y  on the prof i le  shapes can be examined by investigating  the var ia-  
t i on  of that parameter wlth Mach number. No emct  study of the  variation 
of Hi w i t h  Mach nlzmber can be made from the data of this imestigaticm, 
because the  conditions of the t e s t s  could not be s o  controlled as t o  
maintain  conetant  other  variables,  such as pressure gradient and 
boundary-byer Reynolds nmiber, an which the developmsnt of Hi might 
depend. The principal survey stat ions  ( f ig .  1) were specid.ly chosen, 



however, t o  minimize these ext;ra.neous effects,  and values of 
obtained f r a m  velocity  profiles at these  s ta t iom have been plotted 
against Mach number In  f igure 3( a) . The values of H i  for Mach numbers 
less than 0.9 were o3tained at a ~Fngle   s ta t ion  and, i n  d l  cases, 
similar f l o w  conditions prevailed. The pressure gradients at the survey 
stat ions were nearly zero and each of the  three s m e y  etatione w a s  
preceded by a long  region of acce lera thg  flow (see  f ig .  1). The survey 
stat ion for  a Mach nmber of 1.19 was a considerable  distance downetream 
of the  other two s ta t im and was, therefore, preceded by additional 
acce lera thg  flow. This  condition may account for the   fac t   tha t   the  Hi 
value a t   t h a t   s t a t i o n  is somewhat less than  the -lues found a t   t h e  
upstream  positions. With incompressible  flow and with  the pressure- 
gradient  conditions existing for these data, such relat ively small 
values  of change very slowly and it is therefore  reasonable  to 
suppose that in  the  present  case  these  conditions exert only a minor 
influence. It seems unlikely  in  m y  case that H i  variations due t o  * 
other  causes  could  approximately compensate any variations due t o  
changes i n  Mach nuniber.  The approximate  constancy of the  values 
in   f i gu re  3(a) is therefore  taken as an indication that H i  and hence 
a lso  the nondimensianal velocity  profile shape are  not  greatly  affected - 
by compressibility; that is, for  the  conditions of the  present 
investigation  the  profile shapes are essentlally  unaffected by 
compressibility. 

Inportant because of i t s  occurrence in the momentum 
i n   t h e  boundary-layer calculations is the  quantity 

- &C* 
=c - 8, 

equation  used 

Became 3n these  equations the velocity  ratios u/U at fixed  values - 
of y/e1 are unaffected by campreesibility, Hc muat  be dependent on 
the densbty r a t io s  P/PB. In the absence of a pressure  gradient  through 
the boundary layer,  the  density depends only on the  temprature, which, 

1 
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with an insulated bow-, increases frm stream temperature  outside 
the  boundary layer t o  a value almost equal t o  stream stagnation temgera- 
ture  at the xall. Because the difference between stagmtion temperature 
and stream  temperature increase8 with Mach  nzrmber, the deneiw r a t i o  and 
thereby also H, depend on the Mach nmber. Thfa dependence is shown 
tu figure 3(b) &ere, fo r  a velociw  prof i le  

that yields a value of Hi equal t o  about 1.25, Hc is shown plotted 
against Mach number. For the top  curve (fig.  3(b) ) the stmticm 
temperature is assumed c m t a n t .  

In  order t o  show the  sensi t ivi tg  of H, t o  the temperature distri- 
r bution through the boundary layer, value8 of Hz haw been cmputed for 

two cases of cooling at  the wall. I n  both caaeB, a temgerature at the 
wall 6 percent less than the  absolute stqpatim temperature of the 
stream has been assumed. Stagmtlon4emperatura  distributions  through 
the boundary layer have ’been chosen similar to   ve loc i ty  profiles . .  - 

Variations of H, far n = 5 and n = 8 a r e  shown (fig. 3(b)). The 
cooling has a s u b a t a n t i d  e f fec t  on the values of H,, though less than 
if  the  linear  temperature  distribution used for estimating  the  possible 
errors  due t o   n e d e c t i n g   t h e  stagmtion-rtamperature  variation had been 
assumed. 

Frau equations (3) and (4) it is evident,  because  the  deneitq within 
the .boundary layer i s  decreased on account of W e  -temperature  increase, 
that wfth a given veloci.ty profile - against y) the displacement 

thickness EC* is hcreased and the mamentumthiclmess 8, is decreased 
by Ccnnpr08Sibility. With a comtant value of Bc, which is  the usual 
condltion  for  fla-late f l o w  (see discussion and references of refer- 
ence 1 concernin& absence of caq res s ib i l i t y   e f f ec t  on skin f r ic t ion) ,  
the  displacement t h i c h e s s  muet hcreaee sti l l  mare with increase in 
Mach number. Thus, the ueual ef fec t  of ccanpressibilitr on the  turbulent 
boundary layer is t o  increase i ts  displacement. 

\ 

(5  I 
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Turbulent boundary layer under normal shock.-Figure 5 shows the 
variation of indicated (from w a l l  pressures) Mach  number M, di8place- 
ment thickness EC*, and farm parameter Hi through  the  region under 
a normal shock ne= the end of the supereonic test   section. In  mder 
t o   f a c i l i t a t e   t h e  exgeriment, the shock wave wa8 moved past  the bank  of 
survey tubes  rather than vice  versa. This process  renders  the Mach 
number inaccurate,  because far downetream points in figure 5 the Mach 
number preceding  the shock i s  actually lower than that  shown. never- 
theless  the phenamena  shown are  belie-red t o  be qualitatively  correct, 
and the experimental method used has the advantage that the  effects  
shown occur at a given statim and variations due t o  movement fkm one 
position  to  another Fn the  tunnel are eliminated. Because the only 
changes involved are  changes in Mach  number distribution,  the variatims 
shown are due so le ly   to  primary or secondary effects  of changes in Mach 
number and Mach  number @adient. Because of the  very  thick boundary 
layer ( aC* X 0.5 inch) and, also perhaps, partly because of the observed 
unsteadiness in shock position,  the  region of large pressure gradient at 
the wall i a  spread over a distance of some 15 inches. - 

The sharp increase fn dbplacement thickness with decreaae i n  
velocity as the  shock is moved upstre.& past the survey position should - 
be noted (fig. 5 ) .  This thickening is, of course, t o  be expected. By 
a s s ~ n g  that the i ne r t i a  terms pre predceninant for the flow t h r o w  
the shock and by choosing f r o a n  figure 6 a value of E,, which i n  this , 
case waa conetant through the shock, the mcmentum eqmtion could be 
used for ccsnputing the boundary-layer dieplacement th i chess .  True, 
some of the approxFmations involved in  that equation,  particularly  as 
t o  constancy of pressure through the boundary layer and thinness of the 
region of pressure j w  under the shock, are  not  well  satisfied. Never- 
theless, a point so computed (appraxfmate theory in f ig .  5 )  f a l l s  near 
the experimental curve It seem q u l t e  likely, therefore,  that  uith 
Reynolds ntanbers sufficiently large t o  insure turbulent boundary layers 
the approximate t h e w  may serve as a useful @de t o  the  behavior of 
the boundary layer under  shock. 

As may be observed f r a m  figure 5, the quantity Hi, which charac- 
ter izes   the shape of the  velocity  profiles, undergoes the expected 
increase in  the  region of p o s i t i v e  pressure  gradient under shock. The 
variation in the parameter H, accompanying this increase in H i  
through the shock should not be expected t o  be 88 great  becawe of the 
effect  of the  decreasing Mach nmber i n  reducing Hc. The exact 
behavim of Hc is dependent on the  atagnation-temperature  profile. 
Figure 6 ehows the  variation of values  of Hc calculated on the bas is  
of a constant  stagmtion  temperature  throughout  the boundary layer. 
F r a u  t h i s  conditlon, Hc is observed t o  be nearly  constant  throughout 
the region of ehock.' 



Because of t h e  re lat ively mall values of t he  supersonic Mach 
number attained,  the  variations of t he   bombry- l aye r   mac te r i a t i c s  
in the  region under the noTm83 shock were less than those reported in 
reference 3, for which Mach numbers up t o  1.4 exieted. In the  present 
investigation no evidence of separation was found, though special  
e f for t s  were made t o  detect it. With higher Mach numbers  and, c m +  
sequently, more eevere shocks, eeparation i s  t o  be expected at least 
locally.  

F r a n  the r e su l t s  of an invediga t ion  of t u r b u l e n t + o " h y e r  
prof i l e a  at large Reynolb numbers and wfth Mach nmbere up t o  1.2, the 
following conclusions are made: 

' L. 1. A t  low values of the veloc1tpprofile"shape  parameter % 

- 81 
= 3, where 6i and are the  displacement t h i c h e s s  and maanenturn 

thickness,  respectively, which would be obtained i f  the  velocfiq  profiles 
were analyzed as for incrmrpreseible flow found In this i.mesti&ion, 
no important effects  of c q r e s s l b i l i t y  on turbulent+oundaq"layer 
prof i le  shapes at  large values of Reynolds nmbsrs were found. 

L 

I 1 
2. With campressible flow, ae with hCcmrpre86ible flow, the  profile 

shape is a function of the single parameter Hi. 
" 

3. Wlth a given value of s. the r a t i o  €Ic of actual'displacement - 
thickness t o  actual mCm0ntI.m t h i c h e s s  is- a function of Mach number. and 
of the sta@mtion-temperatue dfstribution through the boundary layer. 

4. Because of the  heating  within the bo- layer, i ts  displacement 
thickness is increased with Fncrease in  Mach nmbr. 

t 5. The pressure Jmp through the shock 18 spread over a distance 
at the  surface that is large ccmlpsrred xith the  bmdazy-byer  displace- 
ment t h i c h e s s .  

6. With the ccmrparatively weak normal shock corresponding t o  a 
Mach number of 1.2 and with a c q a r a t i v e l y  low value of upstream 
of ;the shock, separation of the  turbulent boundmy lapr dfd not occur. 
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7. For  the conditione of this inveetigation, t h e  mameIltum equation 
could be used for calculating the increase in diaplacement t h i b e s s  
acrose the shock. 

Langleg; Aeronautical  Laboratcry 
National Advisolag  Cannnittee for Aeronautics 

Langley Air Force Baae, Va. 

3. Zalovcik, John A., and Luke, Ernest P. : Some Fl ight  Measurements of 
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Flgwe 1.- k c h  number distribution a t  nozzle wall. (Spbola represent rum at various speede.) 
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(a) M = O ' i b ;  x = -27 inche~; 6c* = 0.246 inch; "* = 0.228 inch; BC = 0.18l Inch; 
01 = 0.183 Inch; & = 1.355; Hi = 1.248; = 29,000. 
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F i w e  2.- Typical'boundary-layer velocity profiles. Approximate zero pressure padlent. 
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Figure 2.- Cantinued. 
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Figure 2.- Concluded-. 
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Figure 3.-. Variation of the shape permeter H with Mach nmiber. 
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F i w e  4.- Comparison of velocity profiles of present investigation w i t h  those of reference 2 with 
respect to incmpessible farm paramebr Hi. (Symbols apply t o  present  investigation and lime 
to that of  reference 2.) 
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Figure 5.- Turbulent  bowdary"layer characteristics in the  region of 
shock 88 measured on the w a l l  of the Mach nuIIiber 1.2 nozzle in 
t h e  Langley *%foot h i m p e e d  tunnel. Reynolds ntmber per foot 
I s  3.8 x 106. 
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Figure 6.- Variation of form parameter under shock. 
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