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SUMMARY 

Wind-tunnel  tests  have  been  conducted  to  obtain  boundary-layer  and  heat- 
transfer  measurements on a hollow  cylinder 304.22  cm in  length  and 43.70  cm in 
diameter  for  comparison  with  similar  measurements  that  previously  were  obtained 
in  flight  with  the same  cylinder  attached  to  the YF-12 airplane.  The  wind- 
tunnel  tests  were  conducted  both  with  and  without  boundary-layer  trips  at  Mach 3 
and nominal  free-stream  Reynolds  numbers  per  meter  ranging  from 3 . 3  x 1 O6 to 
6.6 x 1 06. Instrumentation  consisted  of  pressure  orifices,  thermocouples,  a 
boundary-layer  pitot  pressure  rake,  and  a  floating  element  skin-friction  balance. 
Measurements  from  both  wind  tunnel  and  flight  are  compared  with  existing  engi- 
neer  ing  prediction  methods. 

Both  wind-tunnel  and  flight  heat-transfer  measurements  and  skin-friction 
balance  measurements  using  a  virtual  origin  approximation  from  NASA TN D-7507 
were  in  good  agreement  with  the  prediction  methods of Sommer  and  Short  and 
Spalding  and Chi combined  with  the  incompressible  Karman-Schoenherr  equation. 
A  wind-tunnel  measured  Reynolds  analogy  factor of 1 . 1 2 5  was in  good agreement 
with  a  flight  measured  value  of 1 . 1 1 .  Good  correlation of wind-tunnel  and 
flight  velocity  profile  measurements  in  the  form  of  incompressible  law-of-the- 
wall  profiles  were  obtained  using  a  wall  reference  temperature  method.  At 
equilibrium  wall  temperature  conditions,  boundary-layer  transition  Reynolds 
numbers  from  flight  measurements  for  both  the  beginning  and  end of transition 
were  generally  greater  than  the  wind-tunnel  measured  values. 

INTRODUCTION 

Several  studies  have  been  conducted  within  the  National  Aeronautics  and 
Space  Administration  (NASA)  to  evaluate  and  develop  engineering  methods  for 
predicting  boundary-layer skin friction,  heat  transfer,  and  transition  location 
for  flight  vehicles  in  supersonic  and  hypersonic  flight (e.g.,  refs. 1 ,  2 ,   3 ,  
and 4 ) .  In  general,  the  approach  used  in  these  studies  is  basically  the  same, 
i.e.,  to assemble  a body of  experimental  data,  reduce  the  data  to  a  form  that 
will  facilitate  comparison  with  theory or general  correlations,  and  then  deter- 
mine  the  theories or correlations  that  best  predict  the  results.  Most  of  the 
experimental  data  used  in  these  evaluations  have  been  obtained  in  wind  tunnels. 
Although  flight  data  are  desirable,  only  a  limited  amount  exist  in  the  litera- 
ture (e.g.,  refs. 4 ,  5,  and 61, and such  data  generally  cannot  be  obtained  under 
as  well-controlled  test  conditions  as  are  possible  in  wind  tunnels.  The  NASA 
YF-12 research  airplane  program  presented  an  opportunity  to  obtain  flight  mea- 
surements  at  Mach 3 cruise  conditions in a  controlled  environment  comparable 
to  that  available  in  wind  tunnels.  Therefore,  a  hollow  cylinder 304 .22  cm 
in  length  and 43.70  cm in  diameter  was  fabricated,  instrumented,  and  tested 
beneath  the  airplane  fuselage  as  well  as  in  the  Langley  Unitary  Plan  Wind 
Tunnel (UPWT). Instrumentation  consisted of thermocouples,  pressure  orifices, 



boundary-layer rake, and a f l o a t i n g   e l e m e n t   s k i n - f r i c t i o n  balance. F l i g h t  
measurements   ob ta ined  a t  Mach 3 for c o l d  wall and   nea r   equ i l ib r ium wall 
c o n d i t i o n s   h a v e   b e e n   p u b l i s h e d   i n   r e f e r e n c e  7. 

This  paper p r e s e n t s  results o b t a i n e d  from t e s t i n g   t h e  same ins t rumen ted  
c y l i n d e r   i n   t h e   L a n g l e y   U n i t a r y   P l a n  Wind Tunnel  a t  Mach 3 and  nominal   f ree-  
stream Reynolds  numbers per meter ranging  f rom 3 . 3  x 1 O6 to 6.6 x 1 06. Measure- 
ments were obta ined   bo th   wi th   and   wi thout   boundary- layer  t r ips .  The wind-tunnel 
r e s u l t s  are compared   w i th   f l i gh t  results a n d   w i t h   s e v e r a l   e n g i n e e r i n g   p r e d i c t i o n  
t e c h n i q u e s  also. 

s YMBOLS 

b s k i n   t h i c k n e s s  

C specific h e a t  of model s k i n  

cP 

Cf l o c a l   s k i n - f r i c t i o n   c o e f f i c i e n t  

CF 

specific h e a t  of a i r  a t   c o n s t a n t  pressure 

a v e r a g e   s k i n - f r i c t i o n   c o e f f i c i e n t  

Fc,FRe  ,FRx f u n c t i o n s   d e f i n e d  by e q u a t i o n s  (20) ,  (21 ) , and ( 2 2 ) ,  r e s p e c t i v e l y  

h 

M 

n 

Npr 

NS t 

P 

P t  

P '  

R 

RX 

Rx, b 

Rx, t 

Re 

2 

h e a t - t r a n s f e r   c o e f f i c i e n t  

Mach number 

v e l o c i t y   p r o f i l e  power exponent   def ined  by e q u a t i o n  (38 )  

P r a n d t l  number 

S t a n t o n  number 

s t a t i c  p r e s s u r e  

s t a g n a t i o n   p r e s s u r e  

p i  tot  pressure 

free-stream Reynolds number per meter 

Reynolds number based  on  xeff   def ined by e q u a t i o n  ( 3 5 )  

Reynolds number based  on x a t  beginning   of  t rans i t ion  (see f i g .  3 )  

Reynolds number based  on x a t  end of t r a n s i t i o n  (see f i g  . 3 )  

Reynolds number based  on momentum t h i c k n e s s  



Reynolds  analogy  factor, 2Nst/Cf 

time 

static  temperature 

adiabatic  wall  temperature 

stagnation  temperature 

equilibrium  wall  temperature 

ve  loci  ty 

friction 

distance 

d  is  tance 

value  of 

velocity , \J'./p 
downstream  from  leading  edge of cylinder 

from  virtual  origin  defined  by  equation (35) 

x at  transition  location  defined as peak  temperature 
measurement or peak  heat-transfer  measurement 

distance  normal  to  cylinder 

boundary-layer  thickness 

boundary-layer  thickness  determined  from  pitot  pressure  profile 

boundary-layer  displacement  thickness 

recovery  factor  (see  eq. (7)) 

boundary-layer  momentum  thickness 

dynamic  viscosity 

kinematic  viscosity 

air density 

density of model  skin 

wall  shearing  stress 

angular  location of instrumentation  (see  fig. 1) 

Subscripts: 

e  conditions  at  outer  edge  of  boundary  layer  in  vicinity of boundary 
layer rake 
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W wall c o n d i t i o n s  

Wavg average wall c o n d i t i o n s  

ref r e f e r e n c e   c o n d i t i o n s  

0, 1 , . . . , n time sequence  

03 free-stream c o n d i t i o n s  

A bar (-1 over  a symbol i n d i c a t e s   i n c o m p r e s s i b l e   v a l u e .  

APPARATUS AND TEST CONDITIONS 

T h i s   i n v e s t i g a t i o n  was c o n d u c t e d   i n   t h e   h i g h  Mach number test s e c t i o n  of 
the   Lang ley   Un i t a ry   P l an  Wind Tunnel described i n  reference 8. I t  is a v a r i a b l e -  
pressure, con t inuous - f low  tunne l   w i th   an  asymmetrical s l i d i n g  block n o z z l e   t h a t  
permits a c o n t i n u o u s   v a r i a t i o n   i n   t h e   t e s t - s e c t i o n  Mach number from 2.30 to  4-65 .  
F o r   t h e   p r e s e n t   i n v e s t i g a t i o n ,  tests were conducted  a t  a Mach number of 3.0  and 
nominal  free-stream  Reynolds  numbers per meter of 3.3 x 106,   4 .9  X 1 06,  and 
6.6 x l o 6 .  Test c o n d i t i o n s  for t h e   h e a t - t r a n s f e r  tests are l is ted i n   t a b l e  I ;  
tes t  c o n d i t i o n s  for t h e   e q u i l i b r i u m  wall  t empera tu re  tests can  be found  in  
t a b l e  11. 

MODEL AND INSTRUMENTATION 

The c y l i n d e r ,  as shown i n   f i g u r e   1 ,  h a d   a n   o v e r a l l   l e n g t h  of 304.22 cm and 
a n   o u t s i d e  diameter of 43.70 cm. Most of t h e   p y l o n   t h a t  was used to a t t a c h  t h e  
c y l i n d e r  to t h e   a i r p l a n e  was removed for the   wind- tunnel  tests. A s t i n g  assem- 
b l y  was b o l t e d  to t h e   r e m a i n i n g   p y l o n   s t u b   s u c h   t h a t  t h e  c y l i n d e r  could be 
suppor t ed  by the   t unne l   mode l   suppor t   sys t em.  The c y l i n d e r  was cons t ruc t ed   w i th  
a t h i n   o u t e r   s k i n  t o  f a c i l i t a t e  hea t - t r ans fe r   measu remen t s .  The o u t e r   s k i n  had 
a nomina l   t h i ckness  of 0.13 c m .  The  main  load-carrying s t r u c t u r e  of t h e  
c y l i n d e r   c o n s i s t e d  of a tube   hav ing  a wal l  t h i c k n e s s  of 0.64 cm and  an   ins ide  
diameter of 39.36 cm. The i n s i d e  diameter of t h i s  t u b e  formed t h e  i n t e r n a l  S u r -  
face of t h e   c y l i n d e r   a s s e m b l y .  An a i r  gap  of 1.40 c m  was maintained  between 
the   t ube   and  outer s k i n  to min imize   i n t e rna l   conduc t ion  losses. 
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the ends  of the pitot  probes  located 274.12 cm downstream  from  the  cylinder 
leading  edge. The conical  probe  located  outboard  of  the  pitot  probes  was  used 
to determine  local  flow  angularity  for  the  flight  tests  and  was  not  used  in  the 
wind-tunnel  tests.  Measurements from  the stagnation  temperature  rake  were not 
obtained  in  the  wind-.tunnel  tests  because of damage to a  connector  cable  inter- 
nal  to  the  cylinder  after the  flight tests. 

DATA REDUCTION 

For  all  data  reduction  the gas was  assumed to be ideal  and  the  viscosity 
was  determined  by  the  Keyes  formula  (ref. 10) as follows: 

(1 .49 x 1 O-6)T1/2 
1-I= 

1 + (1 22.21~)  10-51~ 

where T is in  K  and p is in  Pa-s. 

Boundary-Layer Rake 

The wall  temperature  used  in  the  calculation  of  the  rake  data  was  the 
average  of  the  measured  wall  temperatures on the  cylinder  ray  ahead  of  the  rake. 
The following  parameters  were  calculated  from  the  rake  pressure  measurements 
combined  with  a  measured  static  pressure  located  7.62 cm ahead of the  rake. 
The  static  pressure  was  assumed  to  remain  constant  across  the  boundary  layer. 
Velocities  were  calculated  by  combining  the  equation 

U 

with  the  quadratic  total  temperature  distribution  from  ref. 11 

Equation ( 3 )  is  in  good  agreement  with  the  flight  total  temperature  profiles 
(ref. 7 )  and  also  gives  good  agreement  with  wind-tunnel  measured  profiles  for 
flat-plate  type  flows  given  in  reference 12. The resulting  equation  is 

5 



Tw Taw 
”” 

u T t , e  Tt,e - =  Tt,e  Tt,e  Tt,e .- “e 
2(l - k) T t ,  e - 2k  

where 

and 

Taw 1 + 0. 2nMe2 

Tt,e 1 + 0.2Me2 
- =  

For a l l  rake calculations,  the boundary layer was turbulent and it was  assumed 
that 

The mixing length  transformation of Van Driest and several  reference tem- 
perature  transformations were  used to  convert t h e  measured velocity  profiles 
to  incompressible law-of-the-wall profiles.  Equations  for  these  transformations 
are  given  as  equations (1 0) to (1 8). For the Van Driest method (ref .  1 3 ) ,  
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I 

and 

where 

and Cf is measured  with a f l o a t i n g   e l e m e n t   s k i n - f r i c t i o n   b a l a n c e .   F o r   t h e  
r e f e r e n c e  temperature t r a n s f o r m a t i o n s ,  

and 

where   t he   fo l lowing   t h ree   me thods  were used to de f ine   T re f :  

(1 1 Wall re ference   t empera ture   method 
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(2)  Sommer  and Short T-Prime  method  (ref. 1 4 )  

- =  Tref 1 + 0.035h2 + 0 . 4 5 ( 2  - 1) 
Te 

( 3 )  Eckert  reference  wall  temperature  (ref. 1 5 )  

Skin-Friction  Balance  Measurements 

Measured  shearing forces from  the  floating  element  skin-friction  balance 
were  converted  to  skin-friction  coefficients  using  the  equation 

The  measured  values of Cf and Reynolds  number  were  converted  to  incompressible 
values  using  the  following  equations  from  reference 2: 

The  transformation  factors  Fc  and  FRO  were  determined  from  four  different 
methods as follows.  For  the  Spalding  and  Chi  method  (ref. 1 6) , 
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1 

where 

Taw Tw - + -  - 2 

Te  Te a =  

"- 

and 

For t h e  Van Driest  method (Van Driest 11, ref.  1 7 ) ,  F, is de termined  from 
e q u a t i o n s   ( 2 4 )  , (25) ,   and  (26)   and 

For t h e  two r e fe rence   t empera tu re   me thods   u sed ,  



and 

where  equations (29)  and (30) were  evaluated  using  the  reference  temperature 
method of Sommer  and  Short,  equation (1 7) , and  the reference  temperature  method 
of  Eckert,  equation (1 8). 

Heat-Transfer  Measurements 

The  heat-transfer  measurements  were  obtained  from  transient  skin-temperature 
measurements  resulting  from  a  stepwise  increase  in  stagnation  temperature.  This 
technique  is  described  in  detail  in  ref. 18 .  

The  heat  balance  equation  reduces  to 

h =  dt 
TE - Tw 

when  it  is  assumed  that  there  is  negligible  lateral  heat flow,  constant  tempera- 
ture  through  the model  skin,  negligible  heat  flow  to  the  model  interior,  and 
no  heat  losses  due  to  radiation. 

Equation (31) can  be  integrated  and  written  in  the  following  form  for  com- 
plete  machine  calculation: 

The integrals  of  equation (32) were  evaluated  using  the  trapezoidal  rule.  Prior 
to  the  increase  in  stagnation  temperature, TE is measured,  and  the  ratio 
TE/Tt is  assumed  to  be  independent of Tt based on previous  measurements.  The 
heat-transfer  coefficients  were  converted  to  Stanton  numbers  using  the  equation 

10 
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Skin-friction  coefficients  were  determined  from  Stanton  numbers  through 
Reynolds  analogy  using  the  equation 

2% t Cf = - 
s (34)  

where  the  value  of  the  Reynolds  analogy  factor s was  determined  experimentally. 
These  compressible  skin-friction  coefficients  were  then  transformed  to  incom- 
pressible  values  using  equations (20) to (30) and  using  local  measured  wall  tem- 
peratures. 

RESULTS AND DISCUSSION 

The  skin-friction  balance  and  boundary-layer  rake  measurements  were 
obtained  with  the  model  at  equilibrium  wall  conditions  and  a  nominal  stagnation 
temperature of 339 K; the  measurements  are  tabulated  in  table 11. The  heat- 
transfer  measurements  were  obtained  under  transient  cold-wall  conditions  and  a 
stagnation  temperature of approximately 394 K; these  results  are  tabulated  in 
table 111. 

Surface  Static  Pressure 

The  cylinder  was  instrumented  with  static  pressure  orifices to determine 
local  flow  conditions  as  well  as  to  establish  the  two  dimensionality  of  the  flow 
field  and  to  determine  if  any  extraneous  shock  waves  intersected  the  cylinder. 
The orifices  were  located  along  the $ = Oo cylinder  ray  and  at  several  circum- 
ferential  locations  as  shown  in  figure 1 .  Typical  pressure  distributions  mea- 
sured  at  equilibrium  wall  conditions,  nondimensionalized  by  free-stream  static 
pressure  both  with  and  without  transition  grit,  are  shown  in  figure 2. The 
free-stream  static  pressure  was  determined  from  measured  free-stream  stagnation 
pressure  and  a  free-stream  Mach  number  from  previous  calibrations.  Although 
there is some  small  scatter  in  the  data, it  is generally  less  than  the  instru- 
mentation  accuracy.  These  results  indicate  that  the  cylinder  was  properly 
aligned  with  the  flow  and  that  there  were  no  significant  effects  of  reflected 
shock  waves. 

Boundary-Layer  Transition 

For  the equilibrium  temperature  tests,  the  beginning of boundary-layer 
transition  was  assumed  to  be  located  at  the  point  where  the  wall  temperature 
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initially  began  increasing  due  to  transition  and  the  end of transition  was 
assumed  to  be  located  at  the  peak  measured  wall  temperatures as illustrated  in 
figure 3.  For  the  heat-transfer  tests  discussed  subsequently,  similar  pro- 
cedures  were  used  for  defining  the  location  of  transition  using  heat-transfer 
coefficients  rather  than  temperatures.  This  technique  is  consistent  with  other 
methods of locating  transition  as  discussed  in  reference 19 .  The transition 
locations  for  the  equilibrium  temperature  tests  are  given  in  table 11. It 
should  be  noted  that  the  value  of xt given in table II(f)  was  not  measured 
but  was  approximated,  based  on  comparisons  with  the  heat-transfer  data to be 
discussed  subsequently. 

Shown in  figure  4 are  comparisons  of  transitional  Reynolds  numbers  measured 
in  the  wind  tunnel  with  those  measured  in  flight. The  results  shown  in  fig- 
ures  4(a)  and  4(b) are for  the  case  of no boundary-layer  trip  and  for  the  begin- 
ning  and  end of transition,  respectively. The wind-tunnel  data  for  this  no-trip 
case  show  an  increase  in  transition  Reynolds  number  at  both  the  beginning  and 
end  of  transition  with  a  decrease  in  Tw/Tt.  This  trend  is  to  be  expected 
since, for  this  range of Tw/Tt,  an  increase  in  the  amount  of  cooling  generally 
results  in  an  increase  in  boundary-layer  stability. The flight  transitional 
Reynolds  numbers  for  Tw/Tt = 0.85 are  much  larger  than  the  tunnel  values. 
The smaller  tunnel  values  are  probably  a  result of noise  generated  by  the  tur- 
bulent  boundary  layer on the  nozzle  side  wall  increasing  the  disturbance  level 
within  the  model  flow  field  and,  hence,  moving  the  location  of  transition  for- 
ward. This  phenomenon is a  characteristic  of  most  supersonic wind  tunnels  and 
is  well  documented  in  the  literature  (e.g.,  ref. 4 ) .  The  flight  transitional 
Reynolds  number  shown  in  figure 4 (b)  for 0.62 2 Tw/Tt 6 0.67 is much  lower 
than  the  flight  results  at  Tw/Tt = 0.85 or even  the  tunnel  results. As dis- 
cussed  in  reference 7, this  reduced  transitional  Reynolds  number  is  believed  to 
result  from  some  unknown  phenomenon  causing  the  boundary  layer  to  artificially 
trip. This  low  transition  Reynolds  number  for  flight  is  in  fair  agreement  with 
the  tunnel  transitional  Reynolds  numbers  obtained  downstream of a  boundary- 
layer trip  consisting  of No. 35 transition grit,  as shown  in  figure  4(c). 

Virtual  Origin  Location 

For all  boundary-layer  calculations  and  correlations  requiring  an  effective 
length of turbulent  boundary-layer  run,  best  results  for  the  present  tests  were 
obtained  using  the  following  empirical  equation  from  reference 2: 

where  x  is  the  longitudinal  surface  distance  relative  to  the  leading  edge  and 
xt is  the  value of x at  the location  of the  end of transition, as previously 
discussed.  Equation ( 3 5 )  was  used  to  determine  the  virtual  origin  for  both 
wind-tunnel  data  and  flight  data  that  are  presented  in  this  report. 
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Boundary-Layer Thickness and MomenturThickness 

Boundary-layer thicknesses were determined from the  rake impact pressure 
measurements using the same technique that was used for t h e  f l igh t   t es t s  
(ref.  7) and that is described i n  reference 1 1 .  T h i s  method, as shown i n  fig- 
ure 5, consists of extrapolating  the  linear  variation of p'/pe w i t h  y i n  
the  ,outer region of t h e  boundary layer  to  the  local measured free-stream  value 
of p'/pe. For a l l  rake calcul-ations,  local  static  pressures were  assumed to  
correspond to .  the  values measured a t  the  or  if ice located 7.62 ' c m  ahead of the 
rake. 

Shown i n  figure 6 are momentum thicknesses  calculated from the  rake  data 
us ing  equation (8). ' A l s o  shown for comparison w i t h  t h e  experimental  data  are 
several  theoretical  calculat-iions. The theoretical momentum thicknesses were 
determined u s i n g  the  relationship 

where the average skin-friction  coefficient CF was determined by the d i f -  
ferent  theories. The  Sommer  and Short  (ref. 141, Spalding and C h i  (ref.  16), 
and Eckert (ref.  15) theoretical  values  are based on  an incompressible CF 
from the Karman-Schoenherr equation 

- 

The 
the 
and 

magnitude of the  experimental da ta ,  as shown i n  figure 6, ranges between 
calculated  values from the  reference  temperature methods  of Sommer  and Short 
Eckert. The theories of Shapiro ( re f .  22) and Spalding and Chi  generally 

overpredict  the  experimental  data  for  the t e s t  range of Reynolds numbers. 

Velocity  Profiles 

The measured nondimensional velocity  profiles  are compared w i t h  a power 
law relationship of the form 

i n  figure  7(a)  without  transition  grit and i n  figure  7(b) w i t h  NO. 35 transi- 
t ion  gr i t .  The data  for  the  three Reynolds numbers i n  each figure  collapse 
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i n t o  a narrow  band  and are g e n e r a l l y   i n  good  agreement  with  equation (38 )  when 
n h a s  a v a l u e  of 7. The i n s e n s i t i v i t y  of n to R e  is c o n s i s t e n t   w i t h   t h e  
r e s u l t s   p r e s e n t e d  i n  f i g u r e  1 3  of r e f e r e n c e  20 for t h e  same range of Re.  

V e l o c i t y  profiles m e a s u r e d   b o t h   i n   t h e  wind t u n n e l   a n d   i n   f l i g h t  'were 
t ransformed to incompressible   law-of- the-wal l  profiles us ing   t he  .four methods 
d e s c r i b e d   i n   t h e  Data Reduc t ion .   Sec t ion .   These   t r ans fo rma t ions   a r e   a l l   based  
o n   m e a s u r e d   s k i n - f r i c t i o n   c o e f f i c i e n t s .  The p r o f i l e s  are shown i n   f i g u r e  8 
and are compared  with  the Coles incompress ib l e   cu rve  ( re f .  21 ) . The b e s t   c o r -  
r e l a t i o n  of f l i g h t   a n d   w i n d - t u n n e l   d a t a  was o b t a i n e d   u s i n g   t h e   r e f e r e n c e   w a l l  
temperature method  with  the  band of d a t a   f a l l i n g  below Coles incompress ib le  
cu rve .  The o t h e r   t h r e e   m e t h o d s   r e s u l t e d   i n  less s a t i s f a c t o r y   c o r r e l a t i o n  of 
t h e   f l i g h t  and   w ind- tunne l   da t a   w i th   magn i tudes   t ha t  were g e n e r a l l y   g r e a t e r  
t h a n   t h e  Coles curve.   Although  not  shown, data o b t a i n e d   w i t h   t h e  No .  35 
t r a n s i t i o n   g r i t   r e s u l t e d   i n   t h e  same t r e n d s .  

Skin-Fr ic t ion   Balance   Data  

Sk in - f r i c t ion   ba l ance   measu remen t s   ob ta ined   i n   t he   w ind   t unne l  for t h e  
t h r e e  test Reynolds   numbers   with  and  without   boundary-layer   t r ips   are   compared 
w i t h   f l i g h t   d a t a  i n  f i g u r e  9. The two f l i g h t   d a t a   p o i n t s   r e p r e s e n t  two d i f -  
f e r e n t  wall t empera tu res  a t  a l m o s t   t h e  same un i t   Reyno lds  number.  The d a t a  
have  been  reduced to i n c o m p r e s s i b l e   s k i n - f r i c t i o n   c o e f f i c i e n t s  and  incompres- 
s i b l e   e f f e c t i v e   l e n g t h   R e y n o l d s   n u m b e r s   u s i n g   t h e  four t ransformat ion   methods  
d e s c r i b e d   i n   t h e  Data Reduct ion   sec t ion .   For   these   compar isons ,   Reynolds  
numbers for t h e   f l i g h t   d a t a  are also based   on   an   e f f ec t ive   l eng th   de t e rmined  
from e q u a t i o n  (37)  w h e r e   t h e   l o c a t i o n   o f   b o u n d a r y - l a y e r   t r a n s i t i o n  was deter- 
mined from t h e   t e m p e r a t u r e   a n d   h e a t - t r a n s f e r   d i s t r i b u t i o n s  Of r e f e r e n c e  7. The 
Karman-Schoenherr  incompressible  curve is shown i n   f i g u r e  9 for comparison  with 
the   measu red   da t a .  The r e s u l t s  show t h a t   b e s t   c o r r e l a t i o n   o f   f l i g h t  and  wind- 
t u n n e l   d a t a  is o b t a i n e d   u s i n g   t h e  Eckert re ference   t empera ture   method  and   the  
Sommer and  Short   method  and  that   best   agreement   with  the  Karman-Schoenherr  
i ncompress ib l e  curve is o b t a i n e d   u s i n g   t h e  Sommer and  Short   method. The o t h e r  
t h r e e   m e t h o d s   g i v e   r e s u l t s   t h a t   g e n e r a l l y  are w i t h i n  +5 p e r c e n t   o f   t h e  Karman- 
Schoenherr   incompress ib le   curve .  It  was c o n c l u d e d   i n   r e f e r e n c e  7 t h a t   t h e  Van 
Driest t r ans fo rma t ion   gave   bes t   ag reemen t   be tween   f l i gh t   da t a   and   i ncompress ib l e  
theory .   This   agreement  is also shown i n   f i g u r e  9 f o r   t h e   p r e s e n t   a n a l y s i s ;  how- 
e v e r ,   t h e  Van Driest t r ans fo rma t ion   does   no t   g ive  as good a c o r r e l a t i o n  between 
f l i g h t   a n d   t u n n e l   d a t a   a s  was o b t a i n e d   w i t h   t h e   r e f e r e n c e  temperature methods. 

Heat-Transfer   Measurements  

The m e a s u r e d   w i n d - t u n n e l   h e a t - t r a n s f e r   d i s t r i b u t i o n s  for t h e   t h r e e  tes t  
Reynolds   numbers   both  with  and  without   boundary-layer  t r ips are shown i n   f i g -  
u r e  10. R e s u l t s  are p r e s e n t e d  for t h e   p r i m a r y   i n s t r u m e n t a t i o n   r a y  (@ = Oo) 
and for t h e   d i a m e t r i c a l l y  opposite r a y  (@ = 1 80°). W i t h   t h e   e x c e p t i o n   i n  some 
cases of a s l i g h t   d i f f e r e n c e   i n   t h e   l o c a t i o n  of b o u n d a r y - l a y e r   t r a n s i t i o n  
(assumed to be l o c a t e d  a t  peak hea t ing )   and  its effect on local h e a t i n g   r a t e s ,  
t h e   h e a t i n g  rates o n   e a c h   s i d e   o f   t h e   c y l i n d e r  are approx ima te ly  equal. The 
circumferential h e a t - t r a n s f e r   d i s t r i b u t i o n s  were e s s e n t i a l l y   c o n s t a n t   w i t h  @ 
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a n d   t h e r e f o r e  are n o t  shown.  The l o c a t i o n s   o f   b o u n d a r y - l a y e r   t r a n s i t i o n  as 
d e t e r m i n e d   f r a n   t h e   h e a t i n g  rates a t  0 = 00 are l i s t e d   i n   t a b l e  I. The loca- 
t i o n  of t r a n s i t i o n  for R = 6 . 6 9  x l O 6  w i t h  a boundary-layer t r i p  ( f i g .  l O(b) ) 
cou ld   no t  be de termined  from t h e   h e a t - t r a n s f e r   m e a s u r e m e n t s   s i n c e  peak h e a t i n g  
occurred   ahead  of t h e  f i r s t  i n s t r u m e n t a t i o n   l o c a t i o n .  The v a l u e  of xt  used 
i n   e q u a t i o n  ( 3 5 )  for a l l  c a l c u l a t i o n s  a t  t h e s e   c o n d i t i o n s  was de termined  as t h e  
v a l u e   t h a t  best correlated t h e   t u r b u l e n t   m e a s u r e m e n t s  for t h i s   r u n   w i t h   t h e   t u r -  
bu len t   measurements  of t h e   o t h e r   f i v e   r u n s   i n   t h e  form o f   S t a n t o n  numbers  versus 
e f f ec t ive   Reyno lds   numbers .  

I n   o r d e r  to compare t h e   w i n d - t u n n e l   a n d   f l i g h t   h e a t - t r a n s f e r  data and to 
compare both  sets of data w i t h   e x i s t i n g   p r e d i c t i o n   m e t h o d s ,   t h e   h e a t - t r a n s f e r  
measurements were c o n v e r t e d  to s k i n - f r i c t i o n   c o e f f i c i e n t s   u s i n g  a measured 
Reyno lds   ana logy   f ac to r   o f  1 . 1 2 5 .  T h i s   v a l u e  of the   Reynolds   ana logy  factor 
was d e t e r m i n e d   f r a n   t h e   h e a t - t r a n s f e r   a n d   s k i n - f r i c t i o n   b a l a n c e   m e a s u r e m e n t s  
and is i n  good  agreement   wi th   the   f l igh t   measured   va lue  of 1 . 1  1 (ref. 7 ) .  
The c o m p r e s s i b l e   s k i n - f r i c t i o n   c o e f f i c i e n t s  were then   t r ans fo rmed  to incom- 
pressible v a l u e s   u s i n g   t h e   f o u r   m e t h o d s   d i s c u s s e d   i n   t h e  Data Reduct ion 
s e c t i o n .   T h e s e  resul ts  are shown i n   f i g u r e  1 1  (a)  for t h e   n o - t r i p  case and 
i n   f i g u r e  l l ( b )  for t h e  t r i p  case. The circle symbols are wind- tunne l   da t a  
for t h r e e  tes t  Reynolds  numbers  and  the square symbols are f l i g h t  data from 
ref. 7. F o r   t h e s e   c o m p a r i s o n s ,   t h e   f l i g h t   d a t a  were t r ans fo rmed  to incompres- 
s i b l e   f o r m   u s i n g   t h e  same e q u a t i o n s   t h a t  were used for the   w ind- tunne l   da t a .  
I t  shou ld  be n o t e d   t h a t   o n l y   t h e   t u r b u l e n t   h e a t - t r a n s f e r   m e a s u r e m e n t s  were 
used to d e r i v e   t h e  resul ts  shown i n   f i g u r e  1 1  and t h a t   f o r   b o t h   t h e   w i n d - t u n n e l  
a n d   f l i g h t  data, a l l  Reynolds  numbers are b a s e d   o n   a n   e f f e c t i v e   d i s t a n c e   d e t e r -  
mined f ran e q u a t i o n  ( 3 5 ) .  In   gene ra l ,   t he   compar i sons  show t h a t  a l l  f o u r  
m e t h o d s   s a t i s f a c t o r i l y  correlate t h e   d a t a   a n d   t h a t   t h e   S p a l d i n g   a n d   C h i   a n d  
Sommer and   Shor t   re fe rence   t empera ture   methods  resul t  i n   t h e   b e s t   a g r e e m e n t   w i t h  
the  Karman-Schoenherr   incompressible   curve.   Resul ts  from t h e  Van Driest method 
are genera l ly   be low  the   Karman-Schoenherr   incompress ib le   curve :   whereas ,   resu l t s  
f rom  the E c k e r t  r e f e r e n c e  temperature m e t h o d s   a r e   g e n e r a l l y   g r e a t e r .   T h e s e  same 
t r e n d s  were shown by t h e   s k i n - f r i c t i o n   b a l a n c e   d a t a   p r e v i o u s l y   d i s c u s s e d   a n d  
p r e s e n t e d   i n   f i g u r e  9. 

SUMMARY OF RESULTS 

Wind-tunnel tests have  been  conducted to ob ta in   boundary - l aye r   and   hea t -  
t ransfer   measurements   on  a ho l low  cy l inde r  3 0 4 . 2 2  cm i n   l e n g t h   a n d  43 .70  c m  
i n  diameter fo r   compar i son   w i th  similar measu remen t s   t ha t   p rev ious ly  were 
o b t a i n e d   i n   f l i g h t   w i t h   t h e  same c y l i n d e r   a t t a c h e d  to  t h e  YF-12 a i r p l a n e .  The 
wind-tunnel  tests were conducted   bo th   wi th   and   wi thout   boundary- layer  t r i p s  a t  
Mach 3 and  nominal  free-stream  Reynolds  numbers per meter r a n g i n g  from 
3 . 3  x l o 6  to  6 . 6  x l o 6 .  I n s t r u m e n t a t i o n   c o n s i s t e d  of p r e s s u r e  orifices, 
thermocouples ,  a boundary-layer  pitot  p r e s s u r e  rake, and a f l o a t i n g   e l e m e n t  
sk in - f r i c t ion   ba l ance .   Measu remen t s   f rom  bo th   w ind   t unne l   and   f l i gh t  are 
compared w i t h   e x i s t i n g   e n g i n e e r i n g   p r e d i c t i o n   m e t h o d s .  The r e s u l t s  are sum- 
mar ized  as follows: 
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1. G o o d  c o r r e l a t i o n  of w i n d - t u n n e l   a n d   f l i g h t   v e l o c i t y  profile measurements 
i n   t h e  form of incompress ib le   l aw-of- the-wal l  profiles were o b t a i n e d   u s i n g  a 
wall re ference   t empera ture   method.  

2. Best a g r e e m e n t   b e t w e e n   w i n d - t u n n e l   a n d   f l i g h t   s k i n - f r i c t i o n   b a l a n c e  
measurements  and predicted r e s u l t s  were o b t a i n e d   u s i n g   t h e  Sommer a n d   S h o r t  
Reference  Tempeature  Method. 

3. A Reynolds   analogy factor of  1.125 was de termined  from the   wind- tunnel  
s k i n - f r i c t i o n   b a l a n c e   a n d   h e a t - t r a n s f e r   m e a s u r e m e n t s   a n d  is i n  good agreement  
w i t h   t h e   f l i g h t  measured va lue   o f  1.11. 

4. Both   w ind- tunne l   and   f l i gh t   hea t - t r ans fe r   measu remen t s   u s ing  a v i r t u a l  
o r i g i n   a p p r o x i m a t i o n   f r o m  NASA TN D-7507 were i n  good  agreement   wi th   the  predic- 
t ion   me thods  of Spald ing   and   Chi   and  Somer and   Shor t .  

5. A t  equilibrium wall temperature c o n d i t i o n s ,   b o u n d a r y - l a y e r   t r a n s i t i o n  
Reynolds   numbers   f rom  f l ight   measurements  for both   the   beginning   and   end  of 
t r a n s i t i o n  were g e n e r a l l y   g r e a t e r   t h a n   t h e   w i n d - t u n n e l   m e a s u r e d   v a l u e s .  

Langley   Research   Center  
Na t iona l   Aeronau t i c s   and  Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
November 26, 1980 
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TABLE I.- HEAT-TRANSFER TEST CONDITIONS 

T r a n s i t i o n  

g r i t  I R  T t ,  K Tw, a v g 4  

No.  35  3 .46 x l o 6  
No.  35 

None 
None 6 .67  

" 

0.811 

.809  

.794  

.795  397 

X t , @ = O  
cm 

6 3 . 5  
2 5 . 4  
1 1 . 4  
99.1 
7 3 . 7  
63 .5  
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TABLE 11. - BOUNDARY-LAYER SURVEYS 

(a )  Without  g r i t  Cf = 0.001  59 (b )  Without  g r i t  Cf = 0.001 48 

R = 3.29 x l o 6  6 = 3.32 c m  R = 4.92 X l o 6  6 = 3.20 cm 

Me = 3.008 6* = 1 . I I  c m  Me = 2.966 6* = 1.06 cm 

pe = 1 .46  kPa 8 = 0.209 c m  pe = 2.26  kPa 8 = 0.203 cm 

TWIaVg = 312 K xt  = 71.1 c m  Tw , avg = 315 K xt  = 58.4 cm 

T t  = 339 K p t r m  = 53.2  kPa T t  = 339 K pt,, = 79.7  kPa 

Y I  

cm 

0.312 
.506 
.693 
.887 

1 .057 
1.435 
2.098 
2.703 
3.31 2 
3.934 
4.547 

0.5329 
.5957 
.6340 
.6672 
.6935 
.7513 
.8481 
.9302 
.9761 
.9990 

1 . 0000 

u/u,  

0.71  28 
.7674 
.7978 
.8224 
.8409 
.8784 
.9326 
.9714 
.9906 
.9996 

1 . 0000 

Y I  

cm 

0.31 2 
.506 
,693 
.887 

1.057 
1.435 
2.098 
2.703 
3.312 
3.934 

’ 
0.5465 

.9933 .9831 

.9758 .9410 

.9377  .8597 

.8823 .7600 

.8453  .7023 

.8270  .6760 

.8022  .6423 

.7753  .6079 
0.7230 

1 .oooo 1 .oooo 
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TABLE 11.- Continued 

(c) W i t h o u t   g r i t  Cf = 0.001 44 (d) No. 35 g r i t  Cf = 0.001  59 

R = 6.57 x l o 6  6 = 3.12 c m  R = 3.27 x IO6  6 = 3.25 c m  

Me = 2.944 6* = 1 .02 c m  Me = 3.033 6 *  = 1.11 cm 

pe = 3.07 kPa 8 = 0.196 c m  pe = 1 .44  kPa 8 = 0.208 cm 

TWIaVg = 31 6 K x t  = 43.2 cm TWIaVg = 31 1 K X t  = 73.7 c m  

T t  = 339 K pt,,, = 106.3 kPa T t  = 339 K p t I m  = 53.0  kPa 

0.31 2 

1 .057 
1.435 
2.098 
2.703 
3.31 2 
3.934 

0.5605 
.6186 
.6546 
.6855 
.7113 
.7721 
.8689 
.9484 
.9868 

1 .oooo 

0.7338 
.7824 
.8101 
.8325 
.8498 
.8888 
.9418 
.9788 
.9947 

1 .oooo 

Y I  U / U e  WMe cm 

0.312 

.8237 .6677 .887 

.7983 .6334 .693 

.7675 .5945 .506 
0.7160 0.5351 

1.057 .6924 .8410 
1.435 .7517 .8793 
2.098 

1 .oooo 1 .oooo 4.547 
.9998 .9993 3.934 
.9906 ,9759 3.31 2 
.9711 .9291 2.703 
.9333 .8487 

- 
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TABLE 11.- Concluded 

(e) No. 35 g r i t  Cf = 0.001  45 ( f )  No. 35 g r i t  Cf = 0.00140 

R = 4.93 X l o 6  6 = 3.38 c m  R = 6.57 X l o 6  6 = 3.35 cm 

Me = 2.975 6 = 1.14 cm Me = 2.950 6* = 1.11 cm 

pe = 2.25  kPa 8 = 0.219 c m  pe = 3.05  kPa 8 = 0.214 cm 

Tw , avg = 313 K xt = 22.9 cm TW,aVg = 314 K X t  = 10.2 cm 

* 

T t  = 339 K pt,, = 79.7 kPa T t  = 339 K P t ,  00 = 106.3 kPa 

I I 

cm y' I I u/ue 

0.312 

.81 91 .6649 .887 

.7962 .6343 .693 

.7693 .6003 .506 
0.7176 0.5405 

1.057 .6884 .8358 
1.435 .7412 .8708 
2.098 
2.703 

.9261 .8370 

1 .oooo 1 .oooo 4.547 
-9996 .9990 3.934 
.9883 .9708 3.31 2 
.9656 .9180 

Y I  

c m  

0.31 2 
.506 
.693 
.887 

1.057 
1 -435 
2.098 
2.703 
3.31 2 
3.934 
4.547 

M/Me 

0.5563 
.6119 
.6437 
.6732 
.6980 
.7532 
.8454 
,9207 
.9739 
,9993 

1 .oooo 

U / U e  

0.7302 
.7772 
.8021 
.8239 
.8413 
.8774 
.9299 
.9665 
.9895 
.9997 

1 .oooo 
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TABLE 111.- TABULATION OF HEAT-TRANSFER  MEASUREMENTS 

(a) No.  35 transition grit 

h, J/m2-sec-K, for - h, J/m2-sec-K,  for - 
: 4, deg x, cm 

R = 3.46 X lo6 , R = 5.12 X lo6 ' R = 6.69 X lo6 ~ , R = 3.46 X lo6 R = 5.12 X lo6 1 R = 6.69 X IO6 j 

0 

L 

15.24 
20.32 
22.86 
25.40 

~ 27.94 
33.02 

t 

43.1 8 
48.26 
50.80 
53.34 
55.88 
58.42 
60.96 
63.50 
66.04 
68.58 
71 .12 
73.66 
78.74 
81 .28 
83.82 
86.36 
88.90 
91.44 
93.98 
96.52 
99.06 

101 .60 
104.1 4 
109.22 
111.76 
114.30 
116.84 
119.38 
121.92 
124.46 
127.00 
129.54 
132.08 
134.62 
139.70 
144.78 

14.84 
12.61 
11.63 
11.28 
10.97 
9.00 
14.49 
26.1 9 
33.09 
37.50 
44,42 
46.53 
47.56 
44.83 
47.30 
46.93 
45.07 
44.64 
41 .62 
41 .60 
41 .25 
41 .22 
40.86 
38.76 
38.73 
38.35 
38.62 
38.24 
38.16 
36.70 
37.46 
37.06 
37.10 
36.72 
37.79 
36.39 
36.00 
35.20 
34.47 
34.76 
32.88 
34.00 

26.60 
64.14 
74.86 
76.23 
72.43 
66.67 
60.1 5 
58.04 
57.53 
57.47 
56.87 
56.23 
55.59 
50.94 
54.44 
54.06 
53.67 
52.99 
51  .80 
50.80 
51  .16 
49.42 
51 .88 
49.90 
49.92 
50.55 
48.50 
49.44 
49.71 
48.30 
48.35 
48.67 
48.37 
40.07 
49.40 
48.42 
48.02 
46.92 
46.83 
46.45 
44.64 
46.07 

96.35 
89.66 
86.1 9 
85.13 
82.67 
78.63 
73.29 
70.40 
71  .70 
69.97 
69.34 
69.69 
69.1 3 
66.62 
68.04 
66.32 
66.58 
66.63 
62.79 
63.69 
65.03 
62.40 
63.69 
64.86 
63.81 
63.40 
63.1 2 
62.01 
62.31 
61.53 
61 .30 
60.25 
61  .65 
61  .59 
62.71 
63.04 
61  .63 
60.81 
59.39 
58.33 
57.49 
59.91 

0 147.32 
149.86 
152.40 
157.48 , 
1 62.56 

s 172.72 I 

177.80 ; 
182.88 
187.96 
193.04 I 

203.20 
t 208.28 
21  3.36 

' 218.44 

' 233.68 
223.52 ' 

238.76 : 

243.84 
248.92 
251  .46 
254.00 

1 270.51 
180 ' 17.78 

25.40 
33.02 
48.26 
55.88 
63.50 
71 .12 
78.74 

, 86.36 
! 93.98 

IL 

101 .60 
109.22 
116.84 
124.46 
132.08 
139.70 
147.32 
162.56 
175.26 1 

32.55 
32.52 
34.43 
34.34 
36.1 4 
33.67 
31 .28 
33.02 
31 .64 
33.75 
32.37 
30.93 
30.67 
29.94 
30.70 
30.56 
31 .68 
30.11 
31  .19 
30.73 
29.97 
29.73 
14.88 
13.70 
16.37 
40.85 
47.76 
47.26 
44.60 
42.70 
41 .85 
40.72 
40.51 
38.81 
38.36 
35.88 
36.23 
33.37 
33.69 
32.85 
33.1 9 

44.26 
43.93 
46.81 
44.64 
47.46 
45.70 
43.45 
45.12 
43.1 6 
44.75 
44.07 
45.54 
42.98 
42.25 
43.40 
42.96 
44.03 
42.44 
43.46 
42.1 7 
41  .16 
41 .42 
76.63 
70.79 
65.81 
57.46 
57.59 

1 55.33 
53.93 
52.58 
52.1 5 
50.81 
49.28 
48.99 
49.25 
48.22 
48.24 
45.84 
46.81 
45.22 
46.26 

56.43 
57.00 
60.27 
58.1 3 
58.95 
58.52 
58.1 7 
58.04 
57.73 
57.28 
56.70 
56.85 
56.91 
55.74 
56.27 
56.1 7 
56.25 
54.91 
55.55 
55.31 
55.52 
53.06 
90.45 
86.48 
80.82 
72.20 
71  .86 
69.22 
67.50 
66.1 5 
65.76 
64.75 
62.94 
63.94 
62.87 
62.50 
62.50 
62.1 6 
60.70 
58.79 
59.84 
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TABLE 111.- TABULATION OF HEAT-TRANSFER  MEASUREMENTS 

(b) Without  transition grit 

0 

x, c m  

15.24 
20.32 
22.86 
25.40 
27.94 
33.02 
43.1 8 
48.26 
50.80 
53.34 
55.88 
58.42 
60.96 
63.50 
66.04 
68.58 
71 .12 
73.66 
78.74 
81 .28 
83 .82  
86 .36  
88.90 
91.44 
93.98 
96.52 
99.06 

101  .60 
104.1  4 
109.22 
111  .76 
114.30 
116.84 
119 .38  
121.92 
124 .46  
127.00 
129.54 
132.08 
134.62 
139.70 
144.78 

r h, J/m2-sec-K, for - 
R = 3.40 X l o 6  

13 .82  
11  .14 
11.43 
11.10 
10 .48  

8.34 
6.46 
7.41 
7.1  5 
7 .48 
8.1  5 
8.23 

10.1  9 
10 .93  
11 .63  
12 .99  
15 .29  
17.91 
24.51 
29.82 
35.83 
39.55 
42.30 
44.1 3 
47.09 
46.42 
48.04 
46.23 
45.1  8 
43.42 
42.45 
41 .76 
42.40 
41 .72 
41 .71 
41 - 0 7  
40.36 
38.31 
38.87 
37.52 
37.38 
38.45 

R = 5.11 x l o 6  

18 .09  
14.61 
13 .13  
13.09 
12.50 
11 .87 
10 .50  
12 .93  
14 .96  
16 .32  
20.21 
23.76 
33.16 
36.1  9 
50.00 
56.1 2 
61 .93 
68.29 
67.92 
66.1  7 
66.42 
63.76 
63.41 
61 .78  
60.03 
59.67 
61 .15 
58.48 
60.00 
55.72 
56.42 
55.78 
56.05 
54.72 
55.72 
55.41 
54.06 
52.66 
51 .92 
51 .55 
50.10 
51 .46 

R = 6.67 x l o 6  

21 .1 7 
17.64 
15 .85  
14 .65  
14 .67  
14.46 
20.71 
30.52 
42.25 
48.76 
66.69 
77.09 
86.73 
89.1  5 
89.07 
87.1  9 
84.08 
84.77 
75.59 
76.98 
76.93 
76.89 
74.1 0 
75.20 
71 .63 
71 .69 
67.66 
70.14 
70.04 
66.89 
68.67 
68.30 
67.97 
67.57 
67.30 
67.68 
66.59 
65.34 
64.59 
64.56 
61 .33 
63.39 

0 

v 
1 8 0  

x ,  cm 

147.32 
149.86 
1 52.40 
157 .48  
162 .56  
172.72 
1 77.80 
182 .88  
1 8 7 . 9 6  
193 .04  
203.20 
208.28 
21 3.36 
21 8.44 
223.52 
233.68 
238.76 
243.84 
248.92 
251 .46 
254.00 
270.51 

17 .78  
25.40 
33.02 
48.26 
55.88 
63.50 
71 .12 
78.74 
86.36 
93.98 

101 .60 
109 .22  
116.84 
124.46 
1  32.08 
139 .70  
147.32 
162.56 
175.26 

r 
R = 3.40 x l o 6  

36.07 
34.42 
36.52 
34.39 
35.47 
35.39 
33.16 
35.46 
36.13 
35.47 
33.47 
30.52 
32.1  9 
31 .18 
30.28 
32.74 
32.50 
30.37 
31 .66 
31 .26 
30.1  9 
29.64 
13.56 
10 .86  

9.88 
8.75 

12 .09  
14.57 
20.87 
32.44 
43.1  9 
44.59 
44.39 
43.05 
41 .64 
39.97 
39.59 
36.62 
37.1 8 
33.67 
34.33 

h, J/m2-sec-K, for - 

R = 5.11 X l o 6  

49.38 
50.31 
52.1  5 
46.45 
51  .1 7 
47.88 
49.45 
48.54 
48.53 
48.55 
46.57 
47.10 
46.82 
44.52 
45.61 
46.37 
48.33 . 
44.59 
46.21 
44.84 
44.32 
42.42 
18.70 
14.64 
13.1  9 
26.63 
43.06 
58.66 
68.1 0 
65.63 
63.1 7 
60.70 
56.95 
56.26 
55.1 9 
54.1 5 
53.20 
52.23 
51 .75 
48.60 
48.96 

R = 6.67 X l o 6  

60.24 
61 .48 
62.80 
59.37 
62.20 
61 .11 
60.98 
61 .14 
61 .82 
61 .69 
61 .22 
59.82 
59.91 
58.09 
58.97 
57.82 
59.1  7 
56.88 
59.1  7 
57.38 
56.80 
53.96 
18.1  9 
17.52 
22.02 
81 .18  
91.48 
85.57 
80.45 
76.12 
15.32 
12.14 
69.96 
69.20 
68.42 
66.28 
65.66 
65.23 
64.47 
62.14 
62.50 



T y p i c a l   t h e r m o c o u p l e   l o c a t i o n s  
V i e w   l o o k i n g   f o r w a r d  

0 

T y p i c a l   p r e s s u r e   o r i f i c e   l o c a t i o n s  
V l e w   l o o k i n g   f o r w a r d  P i t o t   p r e s s u r e   r a k e   i n s t a l l a t i o n  

V i e w   l o o k i n g   a l l  

274 .  12 L S k i n - f r i c t i o n   b a l a n c e  

(a) Cylinder instrumentation. 

Figure 1 .- Location of instrumentation on hollow cylinder and  boundary-layer pitot 
rake  details. 



Probe Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

13 
14 
15 
16 

Y 

0.312 
0.506 
0.693 
0.887 
1.057 
1.435 
2.098 
2.703 
3.312 
3.934 
4.547 
5.159 
6.440 
7.645 
8.940 
10.215 

1.0 +- 

1 Side View 

Conical Probe 7 
1 15" 

7 21.6 

Top View 

(b) Boundary-layer pitot  pressure rake details .  

Figure 1 .- Concluded. 
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R x ~ O - ~  

0 3 . 2 9  
D 4 . 9 2  
A 6 . 5 7  

2 . 0  - 

p l p  1 .0  - ___ €L"-&j-o"L""~- 
00 

6- 

0 =0° 

0 I 1 1 1 1 1 

0 50  100 150 2 00 250 3 00 
. x ,  c m  

x = 4 5 .  7 2  c m  

2 ' o  I x = 1 6 7 . 6 4  cm 

O L  I I 1 1 
-200 -100 0 100 200 

0, d e g  

(a)  Equilibrium  wall  temperature  without  transition grit. 

Figure 2.- Typical  longitudinal and circumferential  pressure  distribution. 
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R x I O - ~  

0 3,27 
0- '. 4. 9 3  
a 6 . 5 7  2 . 0 -  

1 . 0  n"0-Q"- @- .. Plpoo 
Q" 

Q, =O" 
0 -  1 I I I I I 

0 50  100  150 2 00 2 50 300 

x ,   c m  

x=45. 7 2  c m  

p/pm 1 . 0  "@-&-~-@-@--a-@-~-"fg-~- 

0 
- 2 0 0  - 1 0 0 .  0 1 0 0   2 0 0  

@,  deg 

I L I 1 

2 . 0  - 

x = 1 6 7 . 6 4   c m  

pip- 1 . 0  - Q - Q - e r o  8"Q-&-@-Q 

0 I I I 1 

- 2 0 0  - 100 0 1 0 0  2 00 
Q,, deg 

(b) Equilibrium  wall  temperature  with No. 35 transition grit. 

Figure 2.- Concluded. 
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1.00 r 

. 90 I 
M, =3.0 
R=3.  29x106 

I I I 1 

OO' 
I I 1 I I I I I I I 

40 80 120  160 200 2 40 2 80 
x ,  c m  

Figure 3.- Typical equilibrium wall temperature distribution. @ = Oo; without 
transition grit. 



LC, 
0 

6 x  

Rx. b 

IO6 

4 

2 

1. 

Source Tw / Tt Boundary-layer trip 

o Wind tunnel .93  None 
0 Wind tunnel .80 None 
+ Flight .85 None 
A Flight .62-. 61 None 

2 4 6 8 x  

R 

(a) Beginning of transition. 

6 x  

Rx, t 

I.~.~:'.1.I.i.:...!.l . .  . . :  . . . .  1 .........,...... . . . . . . . . .  

1 o6 2 4 6 S X  
1 1 I 

R 

(b) End of transition. 

Figure 4.- Comparison of flight and  wind-tunnel transitional  Reynolds numbers. M IJ 3.  



Source T /T t  
W 

0 Wind tunnel .92 
0 Wind tunnel .80 
0. Flight .62-. 66 

4.0 x lo6 

2.0 

1.0 

. 8  

.6  

. 4  

Boundary-layer trip 

35 Grit 
35 Grit 
None 

1.O6 lo7 
R 

(c)  End of transition. 

Figure 4.- Concluded. 
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N 

5. 

4. 

Y C 1 

3 .  

n 

2 

1 

" 0  2 4 6 8 10 1 2  14 
P' IPe 

(a)  Without  transition grit. 

Figure 5.- Determination of boundary-layer thickness from impact pressure measurements. 



2. 0 

1 .0 

0 
0 2 4 6 8 

P ' l P  e 
10 12 14  

LJ 
W 

(b) No. 35 transition grit. 

Figure 5.- Concluded. 



Gri t  

. 0 0 2  

0 

0 None 
0 # 3 5  

Eckert 

Figure 6.- Comparison of measured and calculated  momentum thickness. 
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R x 1 0 - 6  

0 3 . 2 9  
4. 9 2  

a 6 . 5 7  

I 

I 
I 9  

A 
0 

0 

0 '  I I I I 
. 5  . 6  . 7  . 8  . 9  1.0  

1 

(a)  Without  transition grit. 

Figure 7.- Comparison of measured  nondimensional  velocity  profiles  with power 
law  relationship. 
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RX10'6 

0- 3 .  2 7  
0 4. 9 3  
A 6 .  5 7  

(b) No. 35 transition grit. 

Figure 7.- Concluded. 
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30 

- 
U l u ,  20 

1 0  

S o u r c e   R x 1 0 - 6  

0 U P W T  3. 2 9  
0 U P W T  4. 92 
a U P W T  6. 5 7  
0 Fl ight  4 . 4 9  - C o l e s  

Grit 

N o n e  
N o n e  
N o n e  , 

I I I 

lo1 

(a) Van  Driest. 

Figure 8.- Comparison of  wind-tunnel,  flight,  and theoretical incompressible law- 
of-the-wall velocity profiles using several transformation theories. 



W 
OD 

3 0  

u/T7, 2 0  

I.- 

l -  

10 - 
l o 1  

S o u r c e  R x 1 0 - 6  Grit  

0 U P W T  3 . 2 9  N o n e  
0 U P W T  4 . 9 2  N o n e  
* U P W T  6 . 5 7  N o n e  
0 Fl igh t  4.49 N o n e  

C o l e s  

1 0 2  

(b) Reference  wall temperature. 

Figure 8.- Continued. 



S o u r c e  R x ~ O - ~  Grit 

0 U P W T  3 . 2 9  N o n e  
0 U P W T  4. 9 2  N o n e  30 l r  I I A U P W T  6 . 5 7  N o n e  

(c) Sommer  and  Short. 

Figure 8.- Continued. 



S o u r c e  R x 1 0 - 6  Grit  

0 U P W T  3 . 2 9  N o n e  
0 U P W T  4 . 9 2  N o n e  

U P W T  6 . 5 7  N o n e  
0 F l i g h t  4 . 4 9  N o n e  

C o l e s  

( d )  Eckert  reference  temperature. 

Figure 8.- Concluded. 
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R:3. 4Ox1O6 

x .  c m  

80 c 

O O  
L"L,Ll- IIJ 
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x .  c m  
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x .  c m  

(a)  Without  transition grit. 

Figure 10.- Typical wind-tunnel measured heat-transfer  distribution. 
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(b) No. 35 transition grit. 

Figure 10.- Concluded. 
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(a)  Without  transition grit. 

Figure 11.- Comparison of flight  and  wind-tunnel  heat-transfer measurements 
reduced by several methods. 
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(b) N o .  35 t r a n s i t i o n  g r i t .  

F i g u r e  11 .- Concluded. 
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15. Supplementary Notes 

6. Abstract 

Wind-tunnel  tests  have  been  conducted to obtain  boundary-layer  and  heat-transfer 
measurements  on  a  hollow  cylinder 3 0 4 . 2 2  cm in  length  and 4 3 . 7 0  cm in  diameter  for 
comparison  with  similar  measurements  that  previously  were  obtained  in  flight  with 
the  same  cylinder  attached  to  the YF-12 airplane.  The  wind-tunnel  tests  were  con- 
ducted  both  with  and  without  boundary-layer  trips  at  Mach 3 and  nominal  free-stream 
Reynolds  numbers  per  meter  ranging  from 3 . 3  X 1 O 6  to 6 . 6  x l o 6 .  Instrumentation 
consisted of pressure  orifices,  thermocouples,  a  boundary-layer  pitot  pressure 
rake,  and a floating  element  skin-friction  balance.  Measurements  from  both  wind 
tunnel  and  flight  are  compared  with  existing  engineering  prediction  methods. 
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