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INVESTIGATION OF LAMINAR AND TURBULEDT BOUNDARY LAYERS 

INTERACTING WITH EXTERNALLY GENERATED 

SHOCK  WAVES 

By Ear l  C .  Watson, John D .  Murphy, and William C .  Rose 

Ames Research  Center 

SUMMARY 

This  report   presents  the  results  of a study  of  the  interactions  of 
laminar and turbulent boundary layers  with  externally  generated shock waves. 
The investigation  included  an  experimental  study  with  tests  conducted a t  nom- 
inal   f ree-s t ream Mach numbers of 7.3 and 10.4, as well   as a comprehensive 
review  of  previous  interaction work by o thers   in   re la ted   a reas .  The i n t e r -  
actions  in  the  present  experimental   study  occurred  on two di f f e ren t  models: 
a f l a t   p l a t e  and a curved  surface  that  provided  isentropic  compression  of  the 
flow. Each model had a sharp  leading  edge;  the  contour  of  the  compression 
surface was representat ive  of   that   for  a hypersonic i n l e t .  Data from the 
present and other  studies,   covering a range  of  free-stream Mach numbers from 
2 t o  1.5 and free-stream Reynolds numbers per  foot  from =lo5 t o  1X107, were 
examined to  determine  parameters  that   correlated  significant  features of the 
in te rac t ions .  These features   included  the  pressure  r ise   for   incipient   sepa-  
ra t ion;   the   plateau  pressure;  and the  free-interaction,  plateau, and t o t a l -  
interact ion  lengths .  

Study results  indicate  that   semiempirical   correlations  are  sufficient  to 
predict   the  length  of  the  free-interaction  region  for  laminar  f low, and the 
incipient  separation and plateau  pressures  for  both I.aminar and turbulent 
f l o w s .  For  other  interaction  parameters,  no correlat ions were found t h a t  
were valid  over  the. wide range  of f l o w  conditions  considered. 

Analytical  methods  have been  considered from the  viewpoint  of  their 
appl icabi l i ty  and l imi ta t ions   for   in te rac t ions  between  an  oblique  shock and 
laminar  and  turbulent  boundary  layers. Improved  methods a re  needed for   p re-  
dicting  such  gross  parameters as to ta l - in te rac t ion   length  and, for   separated 
flows,  the  lengths  of  the  plateau and reattachment  regions,   particularly  for 
interactions  occurring on  compression  surfaces. An ana ly t i ca l  method employ- 
ing a two-layer  concept i s  proposed for   analyzing  the  interact ion  with a 
turbulent boundary layer.  With the  assumption  of  inviscid  flow, and consider- 
ing  only  the  outer   layer ,   the  method predicted  par t  of the  shock-wave config- 
urat ion and a good approximation  to  the  surface  pressure  distribution.  In 
consider ing  the  analyt ical  methods in   genera l ,  it i s  concluded tha t   fur ther  
work must be done to   def ine   the   de ta i l s  of the  interaction,  such as the  shock 
configuration,  the mass entrainment  into  the  boundary  layer, and  changes i n  
other  boundary-layer  parameters  across  the  interaction. 



TNTRODUCTION 

The i n l e t   i n  an air-breathing  propulsion  system  provides  high  energy a i r  
to  the  engine a t  the  required mass flow  without  excessive  external  drag o r  
f low  dis tor t ion at the  entrance to the  compressor or combustor. A t  hyper- 
sonic  speeds, where the  use  of  supersonic  combustion  engines i s  contemplated, 
boundary-layer  control  through mass removal may be  impractical  because  of  the 
high  total  temperature  of  the  boundary-layer  gases.  Without  boundary-layer 
removal, the  f low  entering  the combustor will contain  the  cumulative  effects 
of the  boundary-layer  development.  Consequently,  the  design  of  the  inlets  for 
such  engines must account for  the  boundary-layer development i n   d e t a i l  
throughout  the  inlet .  

In   the   pas t ,   in le t   des igners  have employed various  approximations  for 
the  solution  of  the  Prandtl  boundary-layer  equations  (e.g.,  similarity 
assumptions, von Karman in t eg ra l  methods, e t c .  ) . However, even  exact  solu- 
t ions  to   these  basic   equat ions f a i l  to  describe  adequately  the phenomena 
observed in   cer ta in   f low'regions o f  an inlet   because' these  regions  are  char- 
acter ized by large  pressure  gradients normal t o   t h e  w a l l  o r  by  the  existence 
of  shock waves impinging  on,  and  interacting  with,  the  boundary  layer.  In 
computing  programs used for   p red ic t ing   the   in le t   f low  f ie ld ,   empir ica l   t ech-  
niques have been  applied to account f o r  such  interactions,  because  adequate 
ana ly t ica l  methods  have not  been  established.  In  reference 1, f o r  example, 
empir ica l   c r i te r ia  are applied  to  determine  whether  separation  occurs a t  an 
in te rac t ion ,   bu t   de ta i l s  o f  the  interaction,  such as shock s t ructure  and 
boundary-layer  profiles, are not  determined. 

Generally,  simple model configurations have  been employed i n  experiments 
to   s tudy  the  interact ion  of  a boundary layer   with  the  local   inviscid  f low.  
It should  be  recognized,  therefore,  that  the  empirical  techniques  developed 
f o r  the  t reatment   of   an  interact ion  are   actual ly   l imited  in   their   appl icabi l -  
i t y   t o   i n t e r a c t i o n s   t h a t   a r e   r e l a t i v e l y  simple when compared with  the complex 
in te rac t ions   tha t  may be  encountered  in  hypersonic  inlets.  Nevertheless, 
simple  processes must be  studied and  understood  before  the more complicated 
ones  can  be  considered. Thus, with  the model configurations  used  in  the 
studies  described i n  references 2 through 9, various  interactions,  such as 
those  induced  by  steps, wedges, f l a r e s ,  and incident  shocks  impinging on a 
f l a t  p la te ,  were investigated.  Various  separated  flows were considered, 
including  those  for which the boundary layer  was  laminar ,   t ransi t ional ,  and 
turbulent,  and f o r  which the  stream  velocity  ranged  from low supersonic  to 
hypersonic. Most of  the  studies concerned  those  aspects  of  the  interaction 
imprtant   to   external   f low  over   control   surfaces  o r  f lared  af terbodies;  con- 
sequently, some detai ls   of   the   interact ions  that   are   important   to   internal  
flows have not  been  carefully  studied. For example, in   s tud ies   o f   cont ro l  
surfaces o r  f l a r e s ,   t he  major i n t e r e s t  has  been  directed  toward  the  determi- 
nation  of  surface  pressure and temperature,  heat  transfer, and sk in   f r i c t ion .  
However, the   in le t   des igner  must also have a de ta i led  knowledge of  the  changes 
occurr ing   in   the  shock-wave s t ructure  and  boundary-layer  characteristics 
across an interact ion.  
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The investigation  reported  herein  consisted of two pa r t s .  One was an 
experimental  study  of  interactions between an  oblique  shock and the  boundary 
layer  occurring  on (1) a f la t  p la te  and (2) a representative compression sur-  
f ace   fo r  a hypersonic  inlet.  Data  obtained  with  the f l a t -p l a t e  model pro- 
vided a reference f o r  comparison of the  results  obtained  with  the  compression- 
surface model and those  obtained  from  other  investigations. The second p a r t  
of  the  investigation  consisted  of a review  of  other work. The review was 
conducted to   ob ta in   resu l t s   for   inc lus ion   wi th   those   o f   the   p resent   inves t iga-  
t ion  to  determine  correlation  parameters  for  certain  features of an in te rac-  
t ion .  The interaction  types  considered  include  those  in which t h e   i n i t i a l  
boundary layer i s  laminar  or  turbulent and interactions  both  with and without 
separation. Data were  examined t o  determine  parameters  that  correlate  sig- 
nificant  pressures and lengths,  such as incipient  separation and plateau 
pressures, and free- interact ion,   p la teau,  and to ta l - in te rac t ion   lengths .  

Available  analytical  methods for  the  treatment  of  interactions were 
examined t o  determine the i r   appl icabi l i ty   to   the   in te rac t ions   o f   th i s   s tudy .  
These methods are  based on flow models,  which, f o r   t h e  mst  par t ,  were not 
duplicated  in  the  experiments.  For example, the  methods descr ibed   in   re fe r -  
ences 10 and 11 a r e   f o r  weak interactions  on f l a t  p l a t e s   i n  which the boundary 
layer i s  laminar a t   both  the  beginning and the  end  of  the  interaction. These 
methods provide  such  information  as  heat  transfer,  skin  friction, and surface 
pressure   d i s t r ibu t ion   in   the   in te rac t ion   reg ion .  It was  found t h a t  no method 
i s  ava i lab le   for  (1) t rea t ing   i n t e rac t ions   i n  which the  boundary layer i s  
i n i t i a l l y  laminar  but i s  t r ans i t i ona l  o r  turbulent a t  the end of the  interac-  
t ion ,  (2) pred ic t ing   de ta i l s  of  the shock configuration  associated  with a 
laminar  interaction, or (3) t reat ing  laminar   interact ions  that   occur  on a 
curved  surface  providing  an  adverse  pressure  gradient. A s  another example, 
the  method presented in   re fe rence  9 i s  fo r   i n t e rac t ions  on f l a t  p l a t e s   i n  
which the boundary layer  i s  in i t i a l ly   t u rbu len t .  The empirical   relations 
developed in   reference 9 a re  not  applicable  to  the  range  of Mach numbers and 
the  wall-to-stagnation-temperature  ratios  of  this  investigation.  In v i e w  of 
the  shortcomings and l imitat ions  of   present   analyt ical  methods,  of  which the  
above  examples are  representative,  it i s   t he   i n t en t   he re   t o  accomplish  the 
following: (1) to  present  experimental  data  for a var ie ty   of   interact ion 
conditions so tha t   they  may be  used for   ver i fy ing   ana ly t ica l  methods t h a t  may 
be  developed, and (2) to   sc ru t in ize   the   da ta   for   in format ion   tha t  might pro- 
vide a bas i s   fo r   t he  development of  be t t e r   ana ly t i ca l  models.  Every e f f o r t  
has  been made to  present a l l  the  necessary  data   in  a form  consistent  with 
these  goals.  

The experimental   part   of  the  investigation w a s  conducted a t  nominal f r e e -  
stream Mach numbers of 7.3 and 10.4 f o r  wind-tunnel  stagnation  conditions 
providing a range  of  free-stream Reynolds numbers per   foot  from 2.2X105 t o  
3. 5X106. The data  considered  in  the  review  of  other  related work cover a 
range  of  free-stream Mach numbers from 2 t o  15  and free-stream Reynolds 
numbers per  foot from %lo5 t o  IX107. 
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NOTATION 

C Chapman-Rubesin constant 

C f  loca l   sk in- f r ic t ion   coef f ic ien t  

CP 

cs compression-surface model Used with a numeral t o  designate  the 

pressure  coeff ic ient  

FP f l a t   - p l a t e  model run number and model 

IP 

2R 

2T total   length,   def ined  in   sketch (a) 

1U upstream  interaction  length,   defined  in  sketch  (a) 

plateau  length,   defined  in  sketch  (a) 

reattachment  length,  defined  in  sketch  (a) 

2 1  length  def ined  in   f igure 32 

m boundary-layer mass flow, 

M Mach number 

N veloci ty   prof i le   index  for  a turbulent boundary layer 

P loca l   s ta t ic   p ressures  

po,*,m sur face   s ta t ic   p ressures   ident i f ied   in   ske tch   (a )  

P t  p i to  t pres  sure 

P t  t o  t a l  pres  sure 

9 dynamic p r e  s sure 

r temperature  recovery  factor 

Re Reynolds number based on local  f low  conditions and a length 
indicated  by a subscript  

T temperature 

U velocity 

u1 velocity  at   boundary-layer edge immediately  upstream of impinging 
shock 

u2 veloci ty  a t  boundary-layer  edge  immediately downstream of  impinging 
shock 
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X distance  along  the model measured from  leading edge (note:   for   the 
f l a t - p l a t e  model x i s  the  distance  along  the  surface  (see  f ig.  2 ) ,  
while for  the  compression-surface model x i s  the  distance measured 
hor izonta l ly   ( see   f ig .  4))  

Y distance normal to   the  w a l l  

Y distance from w a l l  t o  shock in te rcept   ( f ig .  3 2 )  or surface  coordinates 
of  compression-surface model 

aL local  flow  deflection  angle  across  the  impinging shock 

6 boundary-layer  thickness 

6* boundary-layer  displacement  thickness 

8 boundary-layer mmentum thickness 

V kinematic  viscosity 

P density 

X0 
- 

viscous  interaction  parameter, 

Subscripts 

i in te rcept   o f   l inear   p ro jec t ion   of   inc ident  shock  and w a l l  

INC incipient  

0 s t a t i o n   a t   o n s e t  of pressure  r ise  a t  beginning of  in te rac t ion  

P s t a t i o n  a t  beginning  of  plateau 

'e s t a t ion  a t  end of  plateau 

t to t a l   cond i t ions  

W w a l l  conditions 

X distance  along model measured from  leading edge 

x. distance  along model to  onset  of  pressure rise a t  beginning of 
in te rac t ion  

x1 distance  along model t o   s t a t ion  at intercept  of  impinging shock  and 
edge  of turbulent boundary layer  
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Xef f 

6 

1 

2 

3 

02 

* 

distance  along  the model,  measured from  the  effect ive  or igin  of   the  
turbulent boundary layer 

boundary-layer-edge  condition or boundary-layer  thickness 

s t a t ion  a t  intercept   of  impinging  shock and edge  of  turbulent 
boundary  layer, or conditions  upstream  of  impinging  shock 

conditions  between  an  impinging  shock  and  the  reflected  shock 

conditions downstream of a re f lec ted  shock 

free  s t ream 

Superscript  

evaluated at the  Eckert  reference  enthalpy,  except when used to  denote 
displacement  thickness, ?5* 

APPARATUS 

The experimental  investigation was ca r r i ed   ou t   i n   t he  Ames 3.5-Foot 
Hypersonic Wind Tunnel. A b r i e f   desc r ip t ion   o f   t h i s   f ac i l i t y  may be  found 
in   re fe rence  12. 

Two large-scale models were employed i n   t h i s   s t u d y .  The f irst  was a 
f l a t - p l a t e  model, 18 inches wide  by 48 inches  long. A photograph  of t h i s  
model mounted i n   t h e  wind tunnel  with  the shock generator  in  place i s  shown 
i n  figure 1. Figure 2 shows the  planform  dimensions  of  the model and the 
instrumentation  locations. The second model was a curved  surface  that  pro- 
vided  isentropic  compression  of  the  flow. A photograph  of t h i s  model with 
the  shock generator mounted i s  shown i n   f i g u r e  3, and surface  coordinates 
and  planform  dimensions are  shown i n   f i g u r e  4. Instrumentation  locations  for 
t h i s  model a re  shown i n  f igure  5. The models were mounted in   the   tunnel  so 
that t h e   i n i t i a l  f l a t  surface was inclined a t  3' to   the   f ree   s t ream  to  pro- 
vide a small degree  of  compression.  This was  necessary  since  previous  expe- 
rience had shown that  the  boundary-layer  flow was  unstable on a f l a t  p la te  a t  
Oo incidence and that  the  instrumentation was  not   sensi t ive enough t o  measure 
the low s ta t ic   p ressure  at a Mach number of 10. Neither model had s ide 
plates.  Both models  had a nominally  sharp  (0.002-inch  radius),  internally 
water-cooled,  leading-edge  section  fabricated  from  tool  steel. The major 
port ion  of   the models' surface was constructed  of 7075 aluminum, and only a 
sb r t  section  adjacent  to  the  steel   leading-edge  section was water  cooled. 
Because of  the  large  heat  capacity and l imi ted   t es t   t imes  (of the  order  of 
3 ainutes),  the  temperature  of  the  uncooled  portion  of  the model surface  did 
not  increase  by more than 50° R during  any  run. However, a large unknown 
temperature  gradient  did  exist  near  the  leading  edge. The magnitude  of t h i s  
gradient was determined  by  the  temperature of the  leading edge, which glowed 
a cherry-red  color  during a run, and the  temperature  of  the  water  coolant 
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passage. It i s  be l ieved   tha t   the  effects of  the  hot  leading edge  were 
insignif icant   s ince  calculat ions of the  laminar  boundary-layer development 
with a step  wall-temperature  profile showed that   the   temperature   effects  
pers i s ted  downstream for   on ly  a f e w  boundary-layer  thicknesses. 

Nominal tes t   condi t ions  for the  experimental  runs  considered  are 
presented  in   table  I. It should  be  noted  that,  since  the  tunnel i s  of  the 
blowdown type, it was not  possible  to  hold  the  tunnel  stagnation  conditions 
absolutely  constant  during  the  course  of a run.  Variation in   tunnel   s tagna-  
t ion  condi t ions w a s  not, however, a cause  for  concern  since  the  variation  in 
t o t a l  temperature  never  exceeded 5 percent and to ta l   p ressure   var ia t ions  were 
negligible  throughout any run. 

Measurements  were made of surface  pressure and temperature.  In  addition, 
a small probe wa.s employed t o  measure l o c a l   p i t o t  and s ta t ic   p ressure  and 
local  total-temperature  distributions  through  the boundary layer .  A sketch 
of the  probe  assembly i s  presented  in   f igure 6. The temperature-measuring 
component consisted  of a singly-shielded,  aspirating probe  employing a 
platinum/rhodium  thermocouple  element. The locations of the probe  measuring 
s ta t ions  are shown i n   f i g u r e s  2 and 4 and noted for each run i n   t a b l e  I. 

A discussion  of  certain  inconsistencies  in  the measured surface  pressures 
i s  presented  in  the  appendix.   Effects  of  errors  in  temperature measurement 
and cal ibrat ion,  as well  as effects  of  uncertainties  in  boundary-layer  thick- 
ness,  on  boundary-layer  integral  parameters  are  also  discussed  in  the 
appendix. 

FFCESmATION OF FESULTS 

A large number of   f igures   are   used  to   present   the  resul ts   of   this  
invest igat ion.  An index to   t he   f i gu res  i s  presented  in   table  I1 t o  accommo- 
date  the  reader  in  locating  specific  data  and/or  particular  analyses  of  the 
data.  

Boundary-Layer  Surveys 

Both the   f l a t -p l a t e  and  compression-surface models were tes ted  with a 
shock generator, which  produced a shock wave tha t   in te rac ted   wi th   the  boundary 
layer  on the  model. The type  of   data   obtained  for   the  interact ions  var ied 
considerably.  In some cases  only  surface  pressures were measured; i n   o t h e r s ,  
schlieren  photographs,   static and pi tot-pressure measurements,  and t o t a l -  
temperature measurements  upstream  and downstream o f  the   in te rac t ions  were 
obtained. Because of  the model construction no probe  surveys  could  be 
obtained downstream of an  interact ion on the  compression  model. P i t o t  and 
s ta t ic   p ressures  and total-temperature  data  obtained  upstream and  downstream 
of   the  interact ions  that   occurred on the   f l a t -p l a t e  model f o r   b o t h   i n i t i a l l y  
laminar  and  turbulent  boundary  layers  are  presented i n  figures 7 through 10. 
When examining the   p rof i les  downstream of  the  interaction,  consideration must 
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be  given  to   the  locat ion  of   the  probing  s ta t ion  re la t ive  to   the  surface 
pressure  dis t r ibut ion and the  incident  and re f lec ted  shock-wave system. To 
clar i fy   the  locat ions  of   the  measured p ro f i l e s ,  a sketch showing the  probe 
loca t ion   re la t ive   to   the   p ressure   d i s t r ibu t ion  and the  shock  system  has  been 
included  with  each downstream set of  probe  data. I n  some instances,  severe 
gradients or sharp  discontinuities are evident  in  the  data;   generally,   these 
are associated  with  the  ref lected shock s t ructure .  The symbols A and A *  
are   used   in   f igures  7 through 10 to   re la te   the  observed  posi t ion  of   the shock 
s t ructure   to   the  probe  data .  

Boundary-Layer Development 

Figures 11 through 14  show the  variation  of  boundary-layer-edge 
propert ies  and integral  parameters  along  the models i n   t h e  absence  of an 
interact ion.   Pi tot   pressure,   s ta t ic   pressure,  and total-temperature  profiles 
obtained from  boundary-layer  traverses were used  to deduce the  experimental 
boundary-layer  thickness and assoc ia ted   in tegra l   p roper t ies  a t  each of  the  
three probe stations  (see  appendix). It i s  necessary  to   interpolate   for   the 
conditions  between  the  probe  stations when the f l o w  cha rac t e r i s t i c s   imed i -  
ately  upstream of  an  interaction  are  required.  Schlieren  photographs and 
theoretical  boundary-layer  solutions  (discussed  below) were employed t o  
obtain  the  predicted and estimated  curves shown in   t hese   f i gu res .  These 
curves were used  to  interpolate  the  values of the  above quant i t ies  a t  other  
s ta t ions .  

For a laminar  boundary  layer,  the  experimental  values  of  the  integral 
parameters, as wel l  as Mach  number and total-temperature  profiles,  were com- 
pared  with  theoret ical   predict ions.  The theory employed the  laminar  boundary- 
layer-edge  solutions  of  Kendall and B a r t l e t t   ( r e f .  13) i n  an i t e r a t i v e  
procedure  with  the  inviscid  solutions  by  the method of   character is t ics  as 
described  in  reference 14. The predic ted   d i s t r ibu t ion  o f  boundary-layer-edge 
conditions was obtained  from  the  inviscid  flow  solution and a mass balance  on 
the  boundary-layer  solutions.  In  this way the   var ia t ion  i n  edge t o t a l  
pressure due t o  leading-edge  viscous  interaction w a s  accounted f o r .  Since 
the  predicted edge conditions were genera l ly   in  good agreement  with data at 
the  probe  s ta t ions,   theoret ical   resul ts  were used to   ob ta in   the  boundary- 
layer  parameters  between  the  probe  stations. A t  a free-stream Mach  number of 
10.4 and f o r  a low Reynolds number (laminar  f low),   the  surface  static- 
pressure  data were inaccurate  (see  appendix) ; therefore ,   the   theoret ical  and 
experimental edge Mach numbers d i f fe r .   In   the   da ta   ana lys i s   for   these   f ree-  
s t ream  condi t ions,   the   theoret ical   s ta t ic   pressure was used;  thus,   theoreti-  
cal   curves   ( f ig .  l 2 (b ) )  were used t o  obtain edge conditions and in tegra l  
propert ies .  

For turbulent  boundary-layer  flow,  the  absolute  value o f  the boundary- 
layer  thickness and associated  integral   properties  could n o t  be  re l iably 
determined  from  available  theoretical  analyses. A s  a result,  boundary-layer- 
edge conditions were inferred from a combination  of  experimental  data and 
boundary-layer  integral   solutions  (ref.  1) based  on an assumed t r ans i t i on  
locat ion.   Integral   solut ions were employed to   in te rpola te  and extrapolate 
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the   data ,   s ince  they  yield,   in   general ,   the   correct  growth rate of  the 
boundary-layer  parameters.  Quantities  obtained i n  this fashion  are  denoted 
"estimated" i n   f i g u r e s  11 through 1 4  for  turbulent  boundary-layer f l o w .  

Figure 11 presents   the edge conditions and in tegra l   p roper t ies   for   the  
f l a t  -p l a t e   mde l  a t  a free-stream Mach  number of 7.3 f o r  laminar and turbulent 
flow.  Figure 12 presents similar information a t  a free-stream Mach  number of 
10.4. Figure 13 presents edge conditions  and  integral   properties  for  the 
compression-surface model a t  a free-stream Mach  number of 7.3. Figure 14  pre- 
sents  similar information a t  a Mach  number of 10.4; a t  t h i s  Mach  number  no 
laminar in te rac t ion  data were obtained  on  the  compression-surface model. For 
the  compression-surface model, the  experimentally  determined  static  pressure 
gradient normal to surface and the   su r f ace   s t a t i c   p re s su re  were employed i n  
determining  the  boundary-layer -edge conditions (see appendix). 

Boundary-Layer Prof i les  

Figure 15 presents Mach number and total-temperature  profiles  typical of 
those  upstream  of  an  interaction  on  the f l a t -p l a t e  model f o r  a free-stream 
Mach number of 7.3. The p ro f i l e s  were obtained  in  the  absence  of  an  interac - 
t i o n  from data  such as those  presented  in   f igures  7 through 10. The experi-  
mental  data  are compared ( i n   f i g .  l5(a) ) with  resul ts   obtained from the  
theoretical  laminar  boundary-layer  solutions  previously  noted  (ref. 13).  The 
departure  of  the  experimental   points  from  the  theoretical   curves  in  the lower 
portion  of  the boundary layer  was a t t r ibu ted   to   f low  in te r fe rence  between the 
probe  and t h e  model sur face .   ln   f igure   l5 (b)   the   exper imenta l   p rof i les   a re  
presented  for  the same model and Mach  number with a turbulent boundary layer.  
(Since  exis t ing  analyt ical  methods for  predicting  compressible  turbulent 
boundary-layer  parameters  generally employ low-order i n t e g r a l  methods,  which 
dcl not   provide  the  detai ls  of the  f low,   i .e . ,   veloci ty  and temperature pro - 
f i l e s ,   t h e o r e t i c a l   p r o f i l e s  have not  been  included.)  Figure 16 presents 
similar information  for  the  coinpression-surface model. 

Figures 1.7 and 18 present Mach number and total- temperature   prof i les   for  
t he   f l a t -p l a t e  and  compression-surface  models,  respectively, a t  a free-stream 
Mach number of 10.4. For  the  compression-surface model, only  the  turbulent 
resul ts   are   presented,   s ince,  as noted  ear l ier ,  no pure  laminar  interactions 
were obta ined   for   th i s  model and Mach number. The turbulent   prof i les   pre-  
sented show a region  within  the  boundary  layer  in which t h e   l o c a l   t o t a l  
temperature  exceeds  the  free-stream  value. It could  not  be  determined  whether 
this   excess  above the  free-stream  temperature  results  from  an  error  associ- 
ated  with  the  probe and i t s  cal ibrat ion  character is t ics   (see  appendix) ,   or  i f  
a so-called  temperature  "overshoot"  exists  in  the  local  stream. An overshoot 
in  the  physical   f low  should  not  be  ruled  out  since  the  occurrence of an  over- 
shoot i s  i n   q u a l i t a t i v e  agreement, at leas t ,   wi th   resu l t s   ob ta ined   for  1-aminar 
boundary-layer  flow  with  nonunity  Prandtl number, as presented  by Crocco i n  
reference 15. 
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Interaction  Photographs and Surface  Pressure  Distributions 

Figures 19 through 22 present  the  individual  surface  pressure 
distributions  together  with  schlieren  photographs of the   in te rac t ions  con- 
sidered. These data,  together  with  the  boundary-layer-edge  conditions,  inte- 
gral   propert ies ,  and selected  probe measurements presented  ear l ier ,   const i tute  
the  pr imary  data   of   this   report .  

DISCUSSION OF RESULTS 

Classif icat ion  of   Interact ions 

It has  been shown (ref. 2) that  the  character  of  the  boundary-layer  flow 
( i . e . ,  whether it i s  laminar,   transit ional, .or  turbulent)   throughout  the 
interact ion  controls   the mechanics of  the  mixing  and  reattachment  processes 
and  hence the  character is t ics   of   the   interact ion.  The data   obtained  in   the 
present   invest igat ion were assigned t o  one  of t he  above categories  ( i .e. ,  
laminar,   transit ional,  or turbulent)   on  the  basis  of an  examination  of  the 
schlieren  photographs and the  velocity  profiles  upstream and  downstream of  the 
interact ion.   Detai ls   of   this   c lass i f icat ion  procedure  are   discussed below. 

Upstream  of  an interact ion  the  character  o f  the  boundary layer  was 
determined  by means of  probe  surveys and schlieren  photographs. The measured 
laminar  boundary-layer  profiles on both models for   f ree-s t ream Mach numbers 
of 7.3 and 10.4 agreed  well   with  predicted  profiles.  When na tu ra l   t r ans i t i on  
did  not  occur,  turbulent  boundary  layers were obtained  by  the  use  of  tr ips 
located as shown i n   f i g u r e s  2 and 5. The t r i p s  were effective  in  producing 
t h e   r e l a t i v e l y   f u l l   v e l o c i t y  and temperature   prof i les   character is t ic  of 
turbulent  flow. 

Turbulent  boundary-layer  profiles  are a l s o  characterized by t h e i r  
logarithmic  form when p lo t t ed   i n  "law-of -the-wall"  coordinates. A convenient 
way t o  compare experimental   results  with  profiles  obtained from the  law-of- 
the-wall   representation i s  to  use  the  parameters shown i n   f i g u r e  23. When 
p lo t t ed   i n   t h i s   f a sh ion   t he  form of an experimentally  determined  profile  can 
be compared readily  with  the  logarithmic form obtain?d  from  the law-of -the- 
wall representat ion.   In   f igure 23 the  theoret ical   curves  were obtained  from 
the  equation shown therein.  The representative  experimental   profile shown i n  
f igure  23 has an extensive  logarithmic  portion, which has a slope  that   agrees 
c losely  with  that   for   the  theory.   This  agreement ind ica tes   tha t   the  boundary 
layer  i s  turbulent.  

Downstream of  an  interaction  the  character of  the  boundary-layer f l o w  
was more diff icul t   to   determine.  The probe s t a t i o n   a f t  o f  the   in te rac t ion  was 
generally  located some distance downstream of  the shock  impingement point. A s  
a r e su l t ,  a boundary layer   tha t  was laminar a t  reattachment  could undergo 
t r ans i t i on  between reattachment and the  survey  probe  station.  Since  profile 
da ta   in   the  immediate vicinity  of  reattachment were not  available,   schlieren 
photographs were r e l i e d  on t o  judge  whether the  boundary layer was laminar  or 
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turbulent  in  the  reattachment  region.  In  the  interpretation of the  data,  
i n t e rac t ions   i n  which the  enter ing boundary layer w a s  laminar  and the  down- 
stream boundary layer  appeared  to  be  laminar  from  schlieren  photographs  are 
presented  herein as "laminar  interactions. " When the  enter ing bo,undary layer  
was turbulent ,   the  downstream boundary layer  w a s  always turbulent.  These a re  
presented  herein as "turbulent  interactions." When the  enter ing boundary 
layer  was laminar  and  schlieren  photographs  indicated  transition  upstream  of 
or at  reattachment,   the  interaction was considered  to  be  transit ional.  Data 
in   th i s   l a t te r   ca tegory   a re   no t   p resented   in   th i s   repor t .  However, it should 
be  noted  that some da ta   fo r  which t ransi t ion  occurred downstream of  the 
reattachment  point  are  presented. 

Definit ions 

In   o rder   to   fac i l i t a te   the   fo l lowing   d i scuss ion ,  it i s  necessary  to 
e s t ab l i sh  some pertinent  definit ions.   Sketch (a) shows schematically  the 
in te rac t ion  between an  incident, or impinging,  shock  and a laminar  boundary 

Induced  shock 

Incident shock - aL 7 rReflected shock 

2T - 

Sketch (a) Schematic  of  shock  configuration and surface  pressure  distribution. 

layer.  It represents  an  interaction  occurring on a compression  surface where 
the  shock s t rength i s  sufficient  to  cause  local  f low  separation. The model 
alinement  and  flow  direction  are  the same as they were i n   t h e   t e s t s ,  and a 
typical   surface  pressure  dis t r ibut ion i s  shown. The impinging  shock i n t e r -  
acts  with  the  laminar  boundary  layer and re f lec ts   in to   the   f low  f ie ld .  The 
locat ion of  the  interact ion may be ident i f ied  by  the  intercept  a t  the  w a l l  of 
the  l inear   extension o f  the impinging  shock  before it encounters any in f lu -  
ence  from  the  interaction. The pressures  of  interest  are  the  upstream  pres- 
sure, po, the  plateau  pressure,  pp, and f ina l   p ressure ,  p ~ .  The incremental 
lengths, 2u, 2p, and 2 ~ ,  define  the  f ree   interact ion,   p la teau,  and rea t tach-  
ment regions;  respectively,  while ZT def ines   the  overal l   in teract ion  length 
The s t rength of  an  interact ion i s  represented  by  the  quantity CLL. This 
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angle i s  the  local  f low-deflection  angle  across  the  incident shock at the edge 
of  the  boundary  layer. I t s  value was deduced us ing   the   loca l  edge Mach  num- 
be r  immediately  upstream  of  the  interaction  and  the shock-wave angle  of  the 
incident shock  measured  from a schlieren  photograph. 

Composite Pressure  Distributions 

The effects   of   incident  shock s t rength  on  surface  pressure  dis t r ibut ion 
a re  shown i n   t h e  composite plots   of   f igure 24 f o r   t h e  f la t  p l a t e   a t  a f r e e -  
stream Mach number of 7.3; the  data  are shown for laminar and turbulent  flow 
i n   f i g u r e  24. 

For the  laminar  f low  (fig.   24(a)),   the  individual  pressure  distributions 
have been  plotted so that   posi t ions  of   the   ini t ia l   pressure  r ise   coincide.  
When p l o t t e d   i n  this  fashion, it i s  evident   that   the  shape  of the  pressure 
d is t r ibu t ion   in   the   f ree- in te rac t ion   reg ion  i s  independent of  shock strength.  
This i s  another example that  supports  the  free-interaction  hypothesis  of 
Chapman e t  a l .  (ref.  2).  This  hypothesis states that  the  behavior of the  f low 
i s  independent o f  the downstream mechanism causing  the  separation. I n  addi- 
t ion ,  it can  be  seen  (fig.  24(a) ) tha t   for   increas ing  shock s t r eng th   ( i . e . ,  
CLL increasing)  both  the  length  of  the  pressure  plateau and the  pressure 
gradient  in  the  reattachment  region  increase.  The presence  of  separation i s  
indicated by a plateau, or nearly  constant  pressure  region,  in  the  surface 
pressure  dis t r ibut ion.  

The pressure  r ise  for  incipient  sepazation  can  be  obtained by cross 
plotting  the  plateau.  length, Zp, aga ins t   the   loca l  f low-deflection  angle, CLL, 
and extrapolating  to  zero  plateau  length.   This method was employed herein 
and it yielded a pressure  r ise   for   incipient   separat ion  s l ight ly   higher   than 
t h a t  shown f o r  CLL = 2'. It also showed tha t   the   p ressure   r i se  f o r  inc ip ien t  
separation i s  greater  than  the  plateau  pressure,  in  accordance  with  the  find- 
ings  of Chapman e t  a l .  (ref.  2) for  supersonic  speeds, and Needham ( r e f .  6) 
f o r  hypersonic  speeds. 

The composite  pressure  distributions  for  turbulent  boundary-layer  flow 
were constructed so that   the   points  of intercept  of  the  l inear  extension  of 
the impinging  shock wave with  the wall were coincident. When presented i n  
t h i s  manner, the composite p lo t  shows the   increase   in   the   ex ten t  of the 
upstream  influence  with  increasing shock strength.  For the  shock strengths 
shown in   f igure   24(b) ,  no evidence  of  flow  separation,  such as an i n f l ec t ion  
in   the   reg ion   of   the   r i se   in   p ressure ,  can  be  observed,  but it should  be  noted 
that   the   or i f ice   spacing was too  large f o r  a small inflection  to  be  detected 
i f  one had occurred. It i s  believed  that   the  presence of an inflection  can be 
inferred from the  trends  evident i n  t he   f a i r ing  of  data   for   increasingly 
stronger  interactions.  For example, in   f igure   24(b)   the   fa i r ing   for  CLL = loo 
has  been  dashed to   i nd ica t e   t ha t  an  inflection may be  present   for   this  
s t ronger   interact ion.  A comparison  of the  resul ts   for   laminar  and turbulent 
f low  ( f ig .  24) shows, i n  agreement  with  previously  established  results,   that  
the  turbulent  boundary layer can  withstand a larger  pressure  r ise  without 
separation. 
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The composite  pressure  distributions in   f i gu re   25 (a )  were obtained on 
the  compression-surface model with a laminar  boundary  layer.  Again, it can 
be  seen that the   p ressure   d i s t r ibu t ions   in   the   f ree- in te rac t ion   reg ion   a re  
coincident, and a pressure  higher  than  the  plateau  pressure was obtained  with- 
out   separat ion  for   the 3' flow-deflection  angle. These pressure  dis t r ibut ions 
d i f f e r  from  those  on  the f l a t  plate   in   the  length  of   the  plateau  region and 
i n   t h e  shape in  the  reattachment  region. These differences will be  discussed 
in  the  Correlations  section.  For  local  f low-deflection  angles of 3' and 7O, 
the   f ina l   p ressure  was found to  agree  with  that   expected from  an inviscid 
pressure  r ise  across  the  incident and re f lec ted  shock  system.  For  stronger 
interact ions,  however, t he   f i na l   p re s su re  i s  lower than  expected.  This  dis- 
crepancy i s  believed due to  the  expansion  fan  emanating  from  the  surface 
employed to  generate  the impinging  shock wave. This  problem  did  not  occur  on 
the   f l a t -p l a t e  model,  and the  inviscid  pressure r ise w a s  always a t ta ined .   In  
addition  to  the  expansion  fan, it i s  possible   that  a loss of  two-di.mensionality 
may have occurred  because of la te ra l   sp i l lage   in   these   s t rong   in te rac t ions .  
If this   occurred it could  contr ibute   to  t h e  reduction i n  overall   pressure 
r i se   across   the   in te rac t ion .  

Figure  25(b) shows the  composite  pressure  distributions  for  the 
compression-surface model with a turbulent boundary layer.  For  this  case  an 
obvious inf lec t ion   in   the   reg ion  of  the   r i se   in   the   sur face   p ressure  d i s t r i -  
bution i s  apparent  for  the  strongest shock considered, CLL = l7O. An in f l ec -  
t i on  i s  not  obvious  for CLL = 140, but  the  presence  of one can  be inferred 
from the  t rends  in   the  data ,  as indicated  by  the  fairing. 

Composite pressure   d i s t r ibu t ions   for   the  Mach 10 .4  flow  conditions were 
also constructed. They are  not  presented  here  since  they do not   dif fer  
s ign i f icant ly  f rom those  obtained a t  Mach 7.3. 

Correlations 

The data presented  in   f i@.res  1.9 through 22, together  with  similar  data 
from other  investigations,  have been  analyzed t o  obtain  parameters  that  cor- 
re la te   s ignif icant   features   of  an interact ion.  Data were considered f o r  f r ee -  
stream Mach numbers ranging from 2 t o  14.8 and free-stream Reynolds numbers 
per   foo t  from %lo5 to 1x107. 

se 
of 

Pres  sure- 
paration of 

references 

correlat ions.-   Correlat ion of  the  pressure  ra t io  f o r  incipient  
1 aminar  boundary layers  i s  presented  in  f igure  26(a) . The data 
3 and 6 and the  present  study  are  presented  in  terms of  the 

correlation  parameters of  reference 6. Accordingly,  the  parameters  chosen 
are  the  pressure ra t io  and viscous  interaction  parameter, yo. It can  be  seen 
t h a t  more data are  needed t o  fu l ly   subs tan t ia te   the   va l id i ty   o f   these  param- 
e te rs   for   the   cor re la t ion   o f   the   p ressure   r i se   for   inc ip ien t   separa t ion .  
Therefore,  caution  should  be  exercised i n  applying  these  results f o r  design 
purposes. In   addi t ion ,  it should  be remembered tha t  all avai lable   data   are  
for   s ing le   in te rac t ions .  If two or more interact ions  occur   in  tandem, as may 
occur i n  hypersonic  inlets,   incipient  separation may occur a t  different   pres-  
sure   ra t ios  f o r  in te rac t ions  downstream of  the f i r s t ,  depending on the 



proximity  of  transition,  the  spacing  between  interactions, and the  change i n  
boundary-layer  characteristics  across  the  upstream  interaction. 

The pressure  r ise   for   incipient   separat ion of turbulent  boundary  layers 
i s  presented i n   f i g u r e   2 6 ( b ) .   I n   t h i s   f i g u r e   t h e   d a t a   o f  Kuehn ( r e f .  16), 
as given  by  Popinski  and  Ehrlich  (ref. 8 ) ,  and the  data  of the  present  study 
are  compared. The open circle   for   the  present   s tudy was  obtained  on  the  basis 
of the  discussion  of   the  pressure  dis t r ibut ion  data   for   the f la t  p l a t e   i n  
figure  24(b).  For  the  purposes  here it i s  assumed that   incipient   Separat ion 
i s  indicated by the f i r s t  appearance  of  an inf lec t ion   in   the   sur face   p ressure  
d i s t r ibu t ion ,   fo r  CLL = loo i n   t h i s   ca se .  The l ine   represents   the   re la t ion  
proposed  by  Popinski  (ref. 7) . A f a i r l y  good correlat ion  of   the  data  i s  
obtained  for   the  l imited  data   avai lable   with  both  f la t -plate  and  compression- 
surface  models.  Again, due to  the  paucity  of  experimental data, caution 
should  be  exercised  in employing these  results  for  design  purposes.  

In  f igure  27(a)  the  plateau  pressure f o r  interactions  with  laminar 
boundary layers  i s  presented. The correlation  proposed  by Needham ( r e f .  6) 
i s  used t o  compare the  data  of  references 3, 6, and 1-7 with  those  of  the 
present  study.  Excellent agreement i s  obtained f o r  bo th   f la t -p la te  and 
compression-surface  data. I n  addi t ion,   the   data   represent   interact ions  occur-  
r ing   for  a wide range  of wall temperatures,  varying from adiaba t ic   for   the  
data of reference 3 t o  cold-wall  conditions for the   data  of reference 6 and 
the  present  study. 

In   f igure  27(b)   the  plateau  pressure  for   turbulent  boundary layers  i s  
presented. The parameters  used  by  Popinski  and  Ehrlich  (ref. 8) a re  employed 
in   f igure   27(b)   to  compare the  data  of  references 4, 9, and 16 with  those of 
the  present  study. Again, the  agreement i s  f a i r l y  good. It should  be  noted 
that  the  data  are  not  sufficiently  precise  to  provide complete  support f o r  
the  re la t ion  represented by the  empirical  equation  of  reference 8; t h i s   r e l a -  
t i on   r e su l t s   i n   on ly  a s l igh t ly   be t t e r  agreement  than  the  relation  proposed 
by  Erdos and Pal lone  ( ref .  5 ) .  Some uncer ta in ty   ex is t s   in   def in ing   the  
plateau  pressure  for  interactions whose s t rength i s  near   tha t   for   inc ip ien t  
separation,  since, as noted  previously,   an  inf lect ion  in   the  pressure  dis t r i -  
bution i s  generally  observed f o r  a turbulent boundary layer   ra ther   than a 
nearly  constant  plateau  pressure as with a laminar boundary l a y e r .   I n   f i g -  
ure  27(b)  the  data  points  represent  the mean value of  the  surface  pressure 
over  the  separated  region. 

Figure  28(a)  presents  the  dimensionless  pressure  distribution  in  the 
free-interaction  region of  a laminar  boundary-layer shock-wave in te rac t ion .  
Erdos and Pal lone  ( ref .  5) hypothesized  that   th is   dis t r ibut ion was 
"universal ." A s  can  be  seen,  the  data  obtained  with a cold w a l l  in   the   p res -  
ent  study  depart  markedly from the   un iversa l   d i s t r ibu t ion  of  reference 5.  
The universa l   d i s t r ibu t ion  was derived  from  the  data of  reference 2 f o r  
adiabatic w a l l  conditions. 

Figure  28(b)  presents  the  dimensionless  pressure  distribution  for  the 
reattachment  region  of a laminar  boundary-layer shock-wave interaction.  This 
distribution  appears t o  be  highly  sensit ive  to Mach number and less   sens i t ive  
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t o  shock strength.  Also, it i s  evident from  examination  of  the  difference 
between d is t r ibu t ions  on the  compression  surface  and f l a t  plate   ( for   approxi-  
mately  the same range of local   f low-deflect ion  angles)   that  model configura- 
t i on   a f f ec t s   t he  shape  of these  curves. 

The pressure   in   the   f ree- in te rac t ion  and reattachment  regions  of  the 
turbulent  boundary-layer shock-wave interactions  could  not  be  resolved  in 
detail   in  the  present  study  because  the  spacing  of  the  orifices was too  large 
relat ive  to   the  length  of   these  regions.  

The pressure  distributions  for  unseparated  interactions  are  given  for  the 
laminar  boundary  layer i n   f i gu re  29( a) and for   the  turbulent  boundary l a y e r   i n  
figure  29(b) . Again, a pronounced Mach number dependence i s  demonstrated  for 
both  the  laminar and turbulent boundary layers .  

The foregoing  discussion  has shown that   the   pressure  dis t r ibut ions  are  
affected  by Mach  number and loca l  streamwise  and/or  normal  pressure  gradients. 
There may also  be  effects  associated  with w a l l  cooling,  but  they have not  been 
specif ical ly   invest igated.  

Length correlations.-   Parameters  used  for  correlating  the  free- 
 interaction^ length  are  presented  in  f igure 30 for  interactions  with  laminar 
and turbulent  boundary  layers. The parameters  used  for  the  laminar  boundary 
layer  were developed  during  the  present  study,  whereas  those f o r  the  turbulent 
boundary layer were proposed  by  Popinski  and  Ehrlich  (ref. 8 ) .  The equation 
in   f igure  30(a)   represents   the recommended re la t ion   for   def in ing   the   f ree-  
in te rac t ion   length   for  laminar f l o w  as a function  of  the  incremental  pressure 
rise  to  the  beginning  of  the  plateau. For the  laminar  interactions,   the 
reference  data were obtained from references 2, 3, and 6; for   the   tu rbulen t  
interact ions,   the   data  from references 16, 18, and 19 a re  shown as presented 
by  Popinski  and  Ehrlich  (ref. 8 ) .  

No simple  parameters  are  available  for  describing  the  length  of  the 
plateau  region f o r  interactions  with  separation. Hakkinen e t  a l .  ( r e f .  3) 
applied a momentum balance  to a separated  region  to  determine  the  parameters 
involved i n  a laminar  separation  for  adiabatic w a l l  conditions.  I n  an 
attempt  to  correlate  data,  the  parameters  evolved  in  that  analysis  are 
employed i n   f i g u r e  31 with  data f o r  plateau  length. It i s  evident  that  a l l  of 
the  data do not  collapse  to  single  l ine,  and tha t   the   da ta   for   the  compres- 
sion  surface  stand  apart from the f l a t  -plate  data.  However, considering  the 
range  of  conditions  represented  by  the  data  (i.e.,  Mach numbers between 2 and 
8.4, and w a l l  temperature  ratios (Tw/Tt,) between  0.28 and 1.0) , it appears 
that   the   f la t -plate   data   col lapse  reasonably  wel l   for   interact ions whose 
s t rength i s  less  than  about 0 . 5  i n  terms  of  the  abscissa  parameter. Thus, 
while  the  parameters  provided a bas i s  f o r  predicting  the  plateau  length f o r  
weak interact ions on a f l a t  plate,   they f a i l  to  do th i s   fo r   t he   s t ronge r  
interact ions on both  surfaces. The laminar  boundary-layer  data  from  the  pres 
e n t   t e s t  have been  analyzed  also  by  Kutschenreuter e t  a l .  ( r e f .  20)  with 
respect  to  the  separation  length  parameters  proposed  in  reference 5 by  Erdos 
and Pallone. It should  be  noted  that   the  separation  length  as  defined  in  this 
reference i s  essent ia l ly   the  same as  the  plateau  length  discussed  above. No 



cor re l a t ing   r e l a t ion  was found; however, there  was  evidence  of a strong Mach 
number dependence.  For a turbulent boundary layer ,  no correlat ions  are  
avai lable   for   the  plateau  length.  

A semiempirical method of  analysis was developed  by  Pinckney ( r e f .  9) 
for  turbulent  boundary-layer shock-wave in te rac t ions .  I n  th i s   ana lys i s  
special  parameters were employed t o  define  certain  features  of  the  interac- 
t i on .  Among these  parameters i s  the  height Y ( see   ske tch   in   f ig .  3 2 ) ,  which 
i s  the  height  from  the w a l l  to  the  intercept  of  the  impinging shock  and the 
induced  shock. The shock s t ructure   of   the   turbulent   interact ions  of   the   pres-  
ent  study  has  been examined to  determine  this  parameter and the  length param- 
e t e r ,  Z1. Figure 32 presents  the  ratio  of  these two parameters  as a function 
of  the  pressure  coefficient  across  the  interaction.  Another  ratio  given  in 
reference 9, the  total-interaction  length  divided  by  entering  boundary-layer 
thickness,  i s  presented  in   f igure 33 as a function  of  the shock strength.  
The variations  of  both  of  these  ratios,  as obtained  in   the  present   s tudy,   di f -  
fe r  from  those  indicated  by  Pinckney  for  adiabatic w a l l  conditions and f o r  
Mach numbers up t o  5; the  present  results  are  for  cold-wall   conditions and a 
loca l  Mach number of 6.5. An analysis  by  Kutschenreuter  (ref. 20) has shown 
tha t   fo r   t u rbu len t   i n t e rac t ions  w a l l  temperature  has  an  effect on the shock 
strength  required  for  separation, and it i s  therefore   bel ieved  that  w a l l -  
temperature  effects may be  the  underlying  cause  for  the  differences  noted  in 
the above parameters. It i s  concluded that  further  investigation  of  the  gen- 
eral e f f ec t s  o f  wall cooling  on  boundary-layer shock-wave interact ions i s  
needed  and that  care  should  be  exercised  in  extrapolating  the  Finckney 
r e s u l t s .  

For  laminar  interactions,  correlation  parameters  obtained  in  the  present 
s tudy   for   the   to ta l - in te rac t ion   length   a re  shown in   f i gu re  34. I n  view of  the 
lack  of  success  in  obtaining  correlations  for  plateau and reattachment 
lengths, it i s  somewhat unexpected to   f i nd  such good correlat ion for t he  
total- interact ion  length.  Whereas the   da ta   for   the  f l a t  p l a t e  from the   re fe r -  
enced  and  present  studies  agree  reasonably  well  for  the wide range o f  condi- 
t ions  represented,   the   data  f o r  the compression  surface a t  the  stronger 
in te rac t ions  (QI - po/po > 2) do not  agree.  This  indicates a sensit ivi+,y of  
total-interaction  length  to  local  streamwise  and/or  normal  pressure  gradients. 

Shock-Wave Configuration  for  Turbulent  Interactions 

The preceding  sections have been  concerned f o r   t h e  most part   with  those 
features  of  the  interaction  that  can  be  determined from surface measurements 
and the  locat ion and s t rength of the  impinging  shock. It i s  also of  i n t e re s t  
t o  observe  the  actual  shock  configuration  in an interact ion  region and t o  com- 
pare it with  the  s t ructure  assumed in   empir ica l  methods tha t   a re  employed t o  
represent  the  interaction.  Figure 35 presents a schlieren  photograph  of a 
turbulent  boundary-layer shock-wave in te rac t ion .  Superimposed  on the photo - 
graph i s  the  shock configuration  obtained  by two different  empirical  methods. 
The impinging  shock i s  assumed t o  be  unaffected  by  the  boundary  layer;   in one 
case, tt i s  re f lec ted  from the  displacement  thickness (6*) and, i n   t he   o the r ,  
from the   so l id  w a l l .  It i s  evident  that  these  approximations  poorly 
represent   the  actual   in teract ion.  
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An analy t ica l  model for   predict ing  the shock configuration,  surface 
pressure  dis t r ibut ion,  and a large  portion of  boundary-layer  profile down- 
stream  of  the  interaction  has  been  developed  during  the  present  study  for  an 
in te rac t ion  between a turbulent boundary layer and a shock wave. Details of 
the  analysis   are   presented  in   reference 21. Some of   the  resul ts   presented 
the re in   a r e  shown in   f i gu re  36. 

Figure 36(a) compares the  experimental and predicted shock-wave shape . 
and surface  pressure  dis t r ibut ion  for   an  interact ion  obtained on the  f la t -  
p l a t e  model a t  Mach 7.3 and a~ = 2'. Figure  36(b)  presents  the same quanti- 
t i e s   f o r  a stronger  impinging  shock, a~ = 80. A s  can  be  seen, good agreement 
i s  obtained  in  pressure  distribution  except  for  the  discontinuous  pressure 
r i se   across   the  shock  system.  Reasonable  agreement i n  shock  shape  and loca- 
t i o n  i s  also  obtained  except  for  the  presence  of  an  extra  reflected shock 
termed the  "induced  shock,"  which  can  be c lear ly   seen   in   f igure   36(b) .  One 
explanation  for  the  presence  of  the  induced shock i s  t h a t  it i s  formed  by the  
coalescence  of weak compression waves generated  by  the  outward  deflection  of 
the  viscous  sublayer  upstream of  the  interact ion.  It i s  bel ieved  that  this 
shock i s  evidence  of  the  presence  of a flow  process  that  i s  similar to   t ha t  
involved in  the  free-interaction  region  of  laminar  f low.  Additional  analysis,  
including  the  effects  of  coupling  the  inner  viscous and outer   inviscid  layers ,  
w i l l  be  required  before  detailed  surface  information  such as sk in   f r i c t ion  and 
heat  transfer  can  be  predicted. It i s  believed  that   the  success of  the above 
comparisons indicates   the  s t rongly  inviscid  nature   of   these  interact ions.  

CHANGES I N  BOUNDARY-LAYER CHARACTERISTICS  ACROSS AN INTERACTION 

One of the  object ives   of   the   present   invest igat ion w a s  to   ob ta in  
boundary-layer  data,  both  upstream and downstream o f  interact ions,  which can 
be  used in  the  assessment of the  accuracy  of  analytical  models.  Data  obtained 
from  measurements,  such as  those  presented i n  f igures  7 through 10, have been 
analyzed t o  determine  the  variation  of  boundary-layer  displacement  thickness, 
momentum thickness, and mass flow  across  interactions  that  occurred on  the 
f l a t -p l a t e  model. .These data were obta ined   for   in te rac t ions   for  which the 
entering boundary layers  were both  laminar and turbulent.   Figure 37 presents 
the  values  of  the  displacement and momentum thicknesses downstream of  an 
interaction  normalized  with  respect t o  the  values  obtained  in  the  absence  of 
an interact ion.   Figure 38 presents  the  corresponding  mass-flow  ratios. The 
p ro f i l e  measurements  were made a t  f ixed model s ta t ions ,  whereas the  location 
of  the  interaction  varied,  depending  on the  location  of  the  leading edge  of 
the  generator  and  the  generator  angle.  Since  the  changes  that  occur  in  the 
boundary-layer  characteristics i n  the  nearly  constant  pressure  regions 
upstream  and downstream of   the  interact ion  are  small, r e l a t ive   t o   t he  changes 
that   occur   in   the  region  of   pressure  r ise ,   the  changes indicated by the  data 
should  be a good approximation t o   t h e  changes that   occur   across   the 
interact ion  a lone.  

For  these  interactions  both  the  displacement and  momentum-thickness 
r a t i o s  undergo a s ignif icant   reduct ion  with  increasing shock strength,  and 



the   g rea tes t  change occurs   for   pressure  ra t ios  between 1 and 6. With both 
the  momentum and  displacement  thicknesses  changing  across  an  interaction,  the 
degree t o  which the  shape  parameter ( S * / 0 )  i s  a f fec ted  w i l l  depend on the   re la -  
t i v e  change between these two quant i t ies .  Even though  there i s  considerable 
s c a t t e r   i n   t h e  momentum thickness  data  of figure 37(b),   the  data  indicate a 
t rend   tha t  depends  on the  nature  of  the boundary layer .   For   in te rac t ions   in  
which t h e   i n i t i a l  boundary layer  i s  laminar  and for   p ressure   ra t ios  below 8, a 
greater   reduct ion  in  momentum thickness  occurs  than when the  boundary layer  i s  
i n i t i a l l y   t u r b u l e n t .  It fol lows  that ,   for  a given  strength of interact ion,  
greater  changes i n  shape  parameter ( S * / 0 )  occur  across  an  interaction when the 
entering  flow i s  laminar  than when it is  turbulent .  

I n  some ana ly t i ca l  models f o r  a turbulent  boundary-layer, shock-wave 
interaction,  the  assumption i s  made tha t   there  i s  no mass addi t ion t o  the 
boundary layer  throughout  the  interaction  (ref.  2 0 ) ,  or   t ha t   t he re  i s  s i g n i f i -  
cant mass addition downstream of  the  region of  p ressure   r i se   ( re f .  9 ) .  I n  
addi t ion ,   in   the  model employed in   reference 20, it i s  assumed tha t   t he   en t i r e  
pressure  r ise   associated  with  the  interact ion  occurs  between the  points where 
the  incident  and re f lec ted  shocks intercept   the edge  of the  boundary layer .  
Data  obtained in   the  present   s tudy were examined to   assess   the   va l id i ty  of 
these  assumptions. 

I n  one interact ion  s tudy a t  a Mach number o f  1 0 . 4  and a flow  deflection 
angle of loo, a boundary-layer  survey was  made within  the  interaction  region. 
The surface  pressure  dis t r ibut ion and a sketch  of  the  principal  observable 
features  of th i s   in te rac t ion ,  as obtained from a schlieren  photograph,  are 
shown t o  the same scale  and properly  alined  in  f igure  39(a) . The c i rc led  
numbers shown on the  sketch  are  employed i n  subsequent   f igures   to   re la te  
specif ic   locat ions on the  shock s t ruc ture  t o  boundary-layer  survey  points. 
The distance from the  surface  corresponding  to  these numbers i s  ind ica t ed   i n  
f igure  39(b) ,  which presents  the  pitot-pressure,   static-pressure,  and t o t a l -  
temperature  profiles  obtained a t  the   s t a t ion   i nd ica t ed   i n   f i gu re  39(a) . Fig- 
ure  39(c) shows the  re la t ive  value o f  boundary-layer mass f l o w  tha t  would be 
obtained i f  the  boundary-layer edge were located at each  of  the  noted d i s -  
tances  from  the  surface. The est imated  dis t r ibut ion  of   the mass-flow rat io ,  
m/mstar t ,  through  the  interaction i s  shown i n   f i g u r e  39(d) .  This  estimate 
i s  based on an  examination  of  the  following  data:  survey measurements a t  
s ta t ions  16.1, 26.1,  and  35.0; a schlieren  photograph  of  the  interaction; and 
the  surface  pressure  dis t r ibut ion,  which i s  shown a l so   i n   f i gu re   39 (d ) .  The 
measured temperature  profile  data were employed t o  determine  the edge of  the 
boundary layers  a t  s ta t ion   26 .1   (c i rc led   po in t   2 )  . The above data show t h a t  
the   re f lec ted  shock i s  within  the  boundary  layer a t  s t a t ion  26.1. Therefore, 
the  intercept   of   the   ref lected shock with  the  boundary-layer edge must be 
located  far ther  downstream (probably  in  the  region  of  the  f inal   pressure 
r ise) ,   s ince a t  s ta t ion  26.1,   the   ref lected shock i s  loca t ed   a t  a height  of 
about  half  the  boundary-layer  thickness, and the  angle  between  the  reflected 
shock  and the  surface i s  small. 

On the   bas i s  of the above information,  the  following  observations have 
been made. It appears  that  the  entrainment  of mass in to   t he  boundary layer 
occurs  in  the  region  of  the  pressure rise and t h a t  most of the   p ressure   r i se  
occurs  between  the  intercepts  of  the  impinging and r e f l ec t ed  shocks  with  the 
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edge of' t he  boundary layer.  It i s  concluded that  the  assumption  of no mass 
addi t ion employed i n   t h e   a n a l y t i c a l  models i s  not i n  conformity  with  the 
physically  observed  flow.  Therefore,  for  hypersonic  flows a t  leas t ,   the  
va l id i ty   o f  methods  employing  such  assumptions i s  questionable. 

CONCLUDING REMARKS 

This  report  on the  interact ion  of  a shock wave with a boundary layer  on 
a f la t  p l a t e  and a compression  surface  presents new experimental   data  for 
free-stream Mach numbers of 7.3 and 10.4. Local  flow and w a l l  conditions  are 
presented  for  the  convenience  of  other  investigators  to  evaluate and use  the 
data. Data from  both  other  sources and the  present   invest igat ion have been 
examined to  evaluate  semiempirical  correlation  parameters  for  defining  cer- 
ta in   fea tures   o f   the   in te rac t ions .  For t h e  wide range  of local  f low  condi- 
tions  considered, it w a s  found that  reasonably good correlat ions were obtained 
for   the  f ree- interact ion  length  for   laminar   f low and for   the   inc ip ien t  and 
plateau  pressures  for  both  laminar and turbulent  flow. No parameters were 
found  to   correlate   other   features   of   an  interact ion,   such as plateau  length, 
the  dimensionless  surface  pressure  distributions, and the   to ta l - in te rac t ion  
length. 

Some ana ly t ica l  models for   the   in te rac t ions  have been  considered 
qua l i ta t ive ly   to   po in t   ou t   the   l imi ta t ions   o f   the i r   appl icabi l i ty  and the 
validity  of  the  assumptions employed in   the i r   formula t ion :  

1. For i n t e rac t ions   i n  which the  entering  f low i s  laminar, it has  been 
pointed  out   that   present   analyt ical  methods apply  for weak in t e rac t ions   t ha t  
are  laminar  throughout. Whereas these methods provide  boundary-layer  profile 
information and surface  information,  such as pressure  dis t r ibut ion,   heat  
t ransfer ,  and sk in   f r ic t ion ,   they  do not  provide  the  shock  structure  of  the 
in te rac t ion .  For a strong  interaction  with a long  separated  region and f o r  
which t r ans i t i on  may occur,  the methods are  inadequate. 

2.  For i n t e rac t ions   i n  which the  entering boundary layer  i s  turbulent,  
some o f  the  present  semiempirical  analytical models fo r   t he   i n t e rac t ion  have 
been  discussed  with  respect  to  the  validity  of  the  assumptions employed r e l a -  
t ive   to   the   loca t ion  of mass addi t ion and the  length  of   the  interact ion  with 
respect  to  the  length  of  the  surface  pressure  distribution. It was  concluded 
that,   to  be  in  conformity  with  the  physical   f low,  the mass addi t ion must 
occur  over  the  region  of  the  r ise  in  surface  pressure.  

An inv isc id   ana ly t ica l  model was proposed for  analyzing two of  the 
turbulent   interact ions.   This  model  assumes the  boundary layer   to   cons is t  of 
an  inviscid  outer  layer and a viscous  sublayer. The viscous  sublayer was 
neglected  in   this   prel iminary model. Details   of  the shock  configuration and 
a good approximation  to  the  surface  pressure  distribution were predicted 
using  the  inviscid  par t   of   the  model. However, t h i s  model does  not  provide 



surface  information,  such as s k i n   f r i c t i o n  and  heat  transfer,  nor  has it been 
applied  to  resolve  the  questions  about  the  location  of mass addition. 
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APPEDDIX 

ACCURACY AND REDUCTION OF DATA 

SURFACE  P'Rl3SSuRE: MEASURESIENTS 

For  the  range  of  stagnation  pressures  used  in  the  laminar  boundary- 
layer  studies  of  the  present  tests,   the  surface  pressures ahead of ,  o r  i n   t h e  
absence o f ,  an  impinging  shock were very low. When the measured surface  pres- 
sure w a s  lower than   tha t  which could  be  accurately  resolved  by  the  pressure 
t ransducers ,   theoret ical   surface  pressures  were employed to  determine  the 
boundary-layer  properties. 

In  the  experimental  study,  Statham (model PA 207 TC) unbonded s t r a i n  
gage pressure  transducers  with a range  of 0 t o  5.0 ps ia  were used. The 
quoted  accuracy  of  these  transducers i s  F0.75  percent of f u l l   s c a l e ,  o r  
k0.0375 ps i a ;  however, each  transducer was calibrated  individually  over  the 
low pressure  range, and the  accuracy was found t o  be somewhat be t te r   than  
that  quoted.  For  both  the Mach number 7.3  and 10.4  laminar  boundary-layer 
runs,   the  surface  pressure  levels were of  the  order  of  0.04  psia. Conse- 
quently,  considerable  uncertainty i s  present  in  these  surface  pressure  data.  
Figure 40 shows a typical  experimental   surface  pressure  distribution  for  the 
f l a t -p l a t e  model without a shock-wave impingement. The  Mach  number i s  10 .4  
and the   t o t a l   p re s su re  i s  625 ps i a .  Also shown are  the  surface  pressures 
predicted by i t e r a t ion   k i th  a method-of-characterist ics  solution and a 
boundary-layer  solution, and the  pressure  as  predicted by the weak in te rac-  
t ion  theory of  Bertram  and  Blackstock ( re f .   22) .  It can  be  seen  that  the 
two predictions  agree  very  closely  with  each  other  but  are of the  order  of 
20 percent low when compared with  experimental  data. 

To substant ia te   the  use  of   theoret ical   surface  pressures  f o r  the  present 
s tudy,   the   pi tot-pressure  dis t r ibut ion and total- temperature   dis t r ibut ion 
were predicted from a coupled  boundary-layer, method-of -character is t ics   solu-  
t ion.   Resul ts  of  these  calculations  are compared with  experimental data a t  
probe s t a t ion  1, f o r  Mach  number 10.4, i n   f i gu res  41 and  42. I n  view  of the 
excellent agreement  between data  and theory, it i s  believed  reasonable  to 
employ predicted  surface  pressures for the  reduction of  experimental  data 
when the  pressures  are  too low f o r   r e l i a b l e  measurement. 

The problem  of resolut ion  of   the  surface  pressures   did  not   ar ise   in   the 
case  of  the  turbulent  boundary-laye'r  tests  since  the  tunnel  stagnation  pres- 
sures were from 4 t o  10 times  those for the  laminar  boundary-layer  runs. 
Figure 43 shows a typ ica l   sur face   p ressure   d i s t r ibu t ion   for   t es t   condi t ions  
representative  of  those employed for the  turbulent  boundary-layer  runs. The 
Mach  number is 7.3 and the  stagnation  pressure i s  600 psia.   Pressures on the 
surface  are  of  the  order  of 0 .2  ps ia .  The largest   possible   error  i s  then 
about k18 percent  of  the  observed  reading. The da ta   fo r   t h i s   ca se  compare 
w e l l  with  the  values from weak interaction  theory,  and, as can  be  seen,  the 
da ta   sca t te r  i s  well  within  the  18-percent  band. 
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Downstream of shock-wave impingement, the  surface  pressures are 
suff ic ient ly   high  to   give  accurate  measurements. A l l  surface  pressures 
quoted  herein  for a laminar  boundary  layer employed the  weak in te rac t ion  
theoretical  surface  pressures  upstream  of  shock impingement  and the measured 
surface  pressures  elsewhere. 

BOUNDARY -LAYER PRESSURF: MEASUREKEIITS 

The data  of  the  boundary-layer  surveys  consist   of  pitot   pressure,   static 
pressure, and t o t a l  temperature. The accuracy  of  each  of  these  quantities 
contr ibutes   to   the  overal l   accuracy of  the  boundary-layer  integral  parameters. 

The pi tot   pressures  were obtained  through  Statham  pressure  transducers. 
Two types  of  cells  were used, a 0- t o  10 -ps i a   ce l l  ahead  of  the  boundary- 
layer  shock-wave interact ions,  and a 0- to  50 -psia   cel l   behind  the  interac-  
t ions .  The manufacturer's  quoted  accuracy was  C0.75 percent   of   the   f i l l -scale  
value. The transducers  used  for  pitot  measurements  were ind iv idua l ly   ca l i -  
brated  over  the  range  of  operation. The resul t ing  cal ibrat ion  curves   indi-  
ca ted   the   ce l l s   to   be   fa r  more accurate  than  the  manufacturer's  quoted 
accuracy. Thus, even f o r   t h e  low Reynolds number runs,  confidence may be 
Placed i n   t h e  measured p i to t   p ressures .  

A s  previously  noted,  both  the  surface  pressure and s ta t ic   p ressure  were 
measured throughout  the  boundary  layer.  In most cases,  as i s  e v i d e n t   i n   f i g -  
ures 7 through 10, there  was  good agreement  between the  probe  static  pressure 
and surface  pressure  in   regions  that  were "clean"  ( i .e . ,   essent ia l ly   zero 
streamwise  pressure  gradient and no shock-wave impingement inf luence) .  On 
the compression  surface model, however, a gradient of static  pressure  through 
the boundary layer was  observed  near  the rear of  the model. The observed 
gradients were f e l t   t o  be qua l i ta t ive ly   cor rec t ,  even  though uncertaint ies  
simLlar t o  those  in  the  surface  pressures  are  present  in  the probe s t a t i c  
pressure  levels.  The surface  pressure was employed i n  conjunction  with  pitot 
pressures  to  obtain  the Mach numbers i n   a l l  cases  except when large,  normal, 
s ta t ic -pressure   g rad ien ts   ex is ted   in   the  boundary layer .   In   th i s   case ,   the  
observed  static-pressure  gradients were used to   obtain  the  departure   in  
s ta t ic   p ressure   in   the  boundary layer  from  the  surface  pressure  level. 

It should  be  noted  that   the  errors  in  determining  the  absolute  level  of 
Mach number a re   re la ted  t o  t he   e r ro r s   i n   s t a t i c   p re s su re .  However, when mass 
and momentum p ro f i l e s   a r e  normalized  with  respect  to  the edge condition, a 
s l i gh t   e r ro r   i n   s t a t i c -p res su re   l eve l  does  not s ign i f i can t ly   a l t e r   t he  dimen- 
s ion less   p rof i les .  Thus, the  inaccuracies i n  the  boundary-layer  pressure 
measurements will not  significantly  affect   the  boundary-layer  integral  
parameters, 6* and 0 .  

TOTAL -TEMpERATLTRF: MEASUREMENTS 

Boundary-layer  total-temperature measurements  were obtained  with  an 
aspirated thermocouple  probe calibrated  under  wind-tunnel  conditions similar 
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to   those  encountered  in   the  c lean,   f la t -plate   port ion  of   the  present   s tudy.  
A t yp ica l  thermocouple calibration  curve i s  shown in   f i gu re  44. The param- 
e t e r s  employed i n  this  f igure  are those  of  reference 23. However, due to   the 
flow  conditions of the  present  study it was necessary  to   obtain  the  cal ibra-  
t ions  over  a much larger  range  of  parameters  than  that   in  reference 23.  
Generally,  the  probe was  traversed  from  the wall into  the  stream, and it w a s  
posi t ioned  in   the boundary layer  and he ld   s ta t ionary   for  a short  period  of 
time to  allow  the  probe  to  reach a thermal  steady  state.  A t  l eas t   th ree  
readings were taken a t  each  boundary-layer  point. (A typical  temperature 
difference between the  last two readings w a s  loo R . )  The temperature  data  in 
f igures  7 through 10 show t h a t ,   i n  some cases,   the  total   temperature  obtained 
from  the  probe when it w a s  outs ide  the boundary layer  agreed  well   with  the 
tunnel  stagnation  temperature;  in  other  cases,  the  temperature  differed. 
This  probe  behavior w a s  mre prevalent   in   the  data   obtained a t  a free-stream 
Mach  number of 10.4 and has  not  been  explained. However, it i s  bel ieved  that  
this  type  of  probe i s  valuable in   de t ec t ing  where temperature  changes  occur 
i n   t h e  boundary layer.  Experience  with  this  type  of  probe  in  the  flow  envi- 
ronment of  the  present tests has shown t h a t  more detai led probe ca l ibra t ions  
are required  to  determine  the  sensit ivity  of  the  calibration  to  local  f low 
conditions.   Specifically,  it i s  not known whether the  probe  recovery  factor 
i s  independent  of  pressure  gradient. It has also been  found t h a t   s l i g h t l y  
different   cal ibrat ions  are   obtained,  depending on the  calibration  technique 
employed. Two techniques were examined in   the  present   s tudy.   In  one case, 
the probe was mounted above the  surface  of a f l a t   p l a t e   ou t s ide   o f   t he  
boundary layer;   tunnel  stagnation  conditions and Mach number were varied  to 
provide a limited  range  of  values  for  the  calibration  parameters.  In  the 
other  case,  the  probe was traversed  through a th ick  boundary layer on a wind- 
tunnel w a l l  to  provide a wider  range of calibration  parameters. 

It i s  o f   i n t e re s t   t o  determine  the magnitude  of the  uncertainty  in   the 
tJundary-hyer  integral   parameters due t o  an unce r t a in ty   i n   t he   t o t a l  tempera- 
t u r e .  A comparison  between the measured total   temperature and the t o t a l  
temperature  obtained from the  Mach number prof i le   by   the   re la t ion  between the 
uni ty   Prandt l  number and  Crocco temperature shows the  effect  of  temperature 
variation  on  boundary-layer  integral  parameters. The  two total-temperature 
d is t r ibu t ions  f o r  a typical  laminar  case  are shown i n   f i g u r e  45. These two 
different  temperature  distributions were used  to  obtain  the mass f lux  pro-  
f i l e   ( f i g .  4 6 )  and the momentum p r o f i l e   ( f i g .  47).  It i s  seen  that   there  i s  
a negl ig ib le   d i f fe rence   in   these   p rof i les  as a resu l t   o f   the  imposed tempera- 
ture  variation;  hence,  the  values  of 6* and 8 are essent ia l ly   unaffected 
by t h i s  imposed var ia t ion  of   total   temperature .  When the  boundary layer  i s  
turbulent ,   the  measured temperature  profiles  deviate from the Crocco tempera- 
ture  profiles.   Representative  experimental  and  Crocco temperature  profiles 
a re  shown in   f i gu re  48. The temperature  differences  are  representative  of 
the  largest  encountered. These two temperature   dis t r ibut ions  for   turbulent  
flow were employed to  convert   the Mach  number p r o f i l e s   t o   t h e  mass-flux  and 
momentum p ro f i l e s  shown i n   f i g u r e s  49 and 50, respectively.  The uncertainty 
i n  6* i s  k 1  percent, and i n  8 it i s  3.10 percent.   In  connection  with  this 
uncer ta in ty   in  6* and 8 ,  it should  be  noted  that  for a given  dimensionless 
Mach  number p ro f i l e  (M/MB), the  dimensionless momentum p r o f i l e   [ P U ~ / ( P U ~ ) ~ ]  
i s  independent  of  the to ta l   t empera ture .   In   addi t ion ,   for  a given Mach  num- 
be r   p ro f i l e ,  it may be shown t h a t  small differences  in  the  mass-flux  profile 



[ p u / ( p ~ ) ~ I  ( i . e . ,  8*) produce k g e  d i f fe rences   in  8 .  Thus, the  momentum 
p r o f i l e  shown i n   f i g u r e  50 i s  unaffected  by  total   temperature.  However, the  
uncer ta in ty   in  8 for   these  condi t ions  ref lects   the  large  effect  of a small 
v a r i a t i o n   i n   t h e  mass -flow prof i le   o f  figure 49. 

BOUNDARY -LAYER THICKNESS 

Another  source 0.f error   in   the  integral   parameters  i s  the   uncer ta in ty   in  
the  choice  of  boundary-layer  thickness, 6. Several methods us ing   p i to t   p ro-  
f i l e s ,  total-temperature  profiles,  and schlieren  photographs were employed i n  
an attempt t o  determine 6 .  The p i to t -pressure   p rof i le  was r e l i e d  on most 
heavily. The uncer ta in ty   in   the   se lec t ion   of  6 a r i s e s  from t h e   f i n i t e  
gradient normal to   the   sur face   in   ve loc i ty  a t  the  edge  of the  viscous  layer. 
In   these  tes ts   the   veloci ty   gradient  a t  the  boundary-layer edge was affected 
by two phenomena: (1) the bow shock wave was  curved due to  hypersonic v i s -  
cous  interaction; hence, a f ini te   entropy  gradient   (expressible  as a veloci ty  
gradient)   exists  in  the  region  of  the  boundary-layer  edge; (2)  t r i p s  employed 
t o  produce turbulent  flow  introduce a loss that   appears as a veloci ty   gradi-  
e n t .  Thus, the  classical   definit ion  of  the  boundary-layer edge ( i . e . ,  
&/3y = 0) as used in   the  analysis   of   experimental   data  i s  not s t r i c t l y  
applicable.  A representative  velocity  profile  for  laminar f l o w ,  along  with a 
range of 6 that  could  be  rationally  chosen, i s  presented  in   f igure 51. The 
upper  and  lower  extremes of 6 were used to   ob ta in   the  mass and momentum 
prof i les   g iven   in   f igures  52 and 53. These  curves were in tegra ted   to  deter- 
mine 6* and 8 .  It was found tha t   the   uncer ta in t ies   a r i s ing  from the   var ia -  
t i o n   i n  6 a re  +1 percent i n  6* and 220 percent i n  8 .  Thus, the  param- 
eters   used  to   correlate   data   that   involve 8 may be  subject  to  considerable 
e r ro r  due to   the   uncer ta in ty   in  6 alone. 
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TABLE I.- TEST  CONDITIONS 

(a) Flat   -plate model 
" 

Run 

F.P. 11 
F.P. 19 
F.P. 23 
F.P. 35 
F.P. 37 
F.P. 40 
F.P. 41 
F.P. 46 
F.P. 48 
F.P. 49 
F.P. 50 
F.P. 51 
F.P. 59 
F.P. 60 
F.P. 61 
F.P. 62 
F.P. 64 
F.P. 66 
F.P. 67 
F.P. 69 
F.P. 71 

4- 

M, 

10.40 
10.55 
10.40 
10.40 
10.55 
10.55 
10.40 
10 9 55 
10.55 
10 9 55 
10.40 
10.40 
7.34 
7.30 
7.30 
7-30 
7.30 
7.34 
7.30 
7.34 
7.34 

Tt,, 
OR 

18 50 
1950 
18 50 
18 50 
18 50 
1900 
18 50 
1915 
19 50 
18 50 
18 50 
1900 

1380 
1360 
1380 

1400 
1380 

1470 
1440 
1435 
1431 

p s i a  
.. 

6 1-5 

625 
628 

18 30 
625 
1830 
18 30 
1830 
630 
6 30 
620 
112 
111 
109 
113 
625 
114 
625 
60 1 

18 30 

1824 

stat iona 

2 
2 
1 "- 

"- 
1 
1 
2 
3 
3 
3 
3 
" - 
-" 
2 
2 
1 
2 
2 
1 
1 

Probe location Boundary-layer 
with  respect  to a L  condition  upstream 

in te rac t ion  of   interact ion 
-I- 

I 

NIb 
NI 
rn 

No ne 
No ne 
Ahead 
Ahead 

Behind 
Behind 
Behind 
Be hind 
Behind 
None 
No ne 

Behind 
Behind 
Ahead 

Behind 
No ne 

NI 
m 

No ne 
None 
No ne 

20 t o  100 
20 t o  100 

5O 
5O 
loo 
5O 
loo 

5O 
2O t o  100 
2O t o  100 

20 
8O 
8O 
5O 

No ne 
No ne 
No ne 

1.5' 

Laminar 
Turbulent 

Laminar 
Laminar 

Turbulent 
Turbulent 
Laminar 

Turbulent 
Turbulent 
Turbulent 
Laminar 
Laminar 

Turbulent 
Laminar 
Laminar 
Laminar 
Laminar 

Turbulent 
Laminar 

Turbulent 
Turbulent 

as ta t ion  1 = 16.13 inches,  Station 2 = 26.13 inches,  Station 3 = 35.38 inches. 
b ~ o  interact ion.  
Note 1 - Three rows o f  t r ips   located as shown on f igure 2- 
Note 2 - Shock generator swept through 2' a L  S loo. 
Note 3 - One  row of t r i p s  ( f i rs t  row)  shown on f igure  2. 

Remarks 

-" 
Note 1 

Note 2 
Note 1, Note 2 

Note 1 

Note 1 
Note 1 
Note 1 

"- 

"- 

"- 
"- 

Note 2, Note 3 
Note 2 
"- 
"- "- 

Note 3 

Note 3 
Natural   transit ion 

-" 



C.S. 18 

10.55 C.S. h6 
10.55 C . S .  38 
10.55 C.S. 25 
10.55 

C.S. 54 
7.34 C.S. 62 
7.34 

7.34 C.S. 69 
C.S. 75  7.30 
C.S. 76 I 7.34 

C.S. 104 
C.S. 105 

- 

OR 

1860 
1790 
1930 
1950 
1810 
1890 
1900 
1640 
17 50 
1500 
1500 
1520 
1740 
1520 

- 
Pt,, 
ps i a  

18 50 
18 30 
18 40 
18 40 
626 
630 
630 
63 
625 
60 
60 
60 
630 

50 - 

TABLE I. - 'PEST  COXDITIONS - Concluded 

(b)  CompressLon-surface m d e l  

Probe Probe locat ion 

of  in te rac t ion  to   i n t e rac t ion  

Boundary-layer 
with  respect condition  upstream % s ta t ion8  

-" No ne 
Turbulent 7 O  No ne 
Turbulent 3O "- 

3 
Turbulent No ne mb 2 
Turbulent 14' Ahead 

1.70 Turbulent 
3 Ahead 

Laminar 70 Ahead 3 
Turbulent 14' Ahead 3 

Laminar 1 4' 

3 Ahead 3O Laminar 

2 
Turbulent 70 No ne 
Turbulent None N I  

-" No ne 

2 Laminar No ne N I  

"- No ne 
Laminar I loo No ne 

Turbulent 2O "- 

Remarks 

Note 4 
Note 4 
Note 4 
Note 4 

Natural t r a n s i t i o n  
Natural t r a n s i t i o n  
Natural   t ransi t ion 

Natural   t ransi t ion 
"- 
"- 
-" "- 

Natura l   t rans i t ion  ~ 

! "- 

as ta t ion  1 = 16.13 inches,   Station 2 = 26.13 inches,   Station 3 = 35.00 inches. 
b ~ o  in te rac t ion .  
Note 4 - Two rows of t r i p s  ( f i r s t  two rows) shown on f igure  4. 



TABIX 11. - DLOM TO FIGURES 

T i t l e  

F la t -p la te  model with  shock  generator  installed. 

F l a t   -p l a t e  model instrumentation  locations. 

Compression-surface model with  shock  generator  installed. 

Compression-surface model and  shock  generator  configuration. 

Compression-surface model instrumentation  locations. 

Boundary-layer  probe  assembly. 

P i to t   p ressure ,   s ta t ic   p ressure ,  and total-temperature measurements 
a t  & = 7.3 for an i n i t i a l l y  laminar  boundary  layer  on f l a t  - 
p l a t e  model. 

(a) Upstream  of in te rac t ion ,  FP 64; pw/p, = 2.2; Tw/Tt, = 0.42. 

(b) Downstream of   interact ion,  FP 61; m/p0 = 1.85; p,/p, = 3.6;  
T,/Tt, 0.40- 

( c )  Downstream of in te rac t ion ,  FP 62; m/po = 7.0; pw/poo = 13.8; 
Tw/Tt, = 0.42. 

P i to t   p ressure ,   s ta t ic   p ressure ,  and total-temperature measurements 
a t  = 7.3  f o r  a n  enter ing  turbulent  boundary layer  on f l a t  - 
p l a t e  model. 

(a) Upstream of in te rac t ion ,  FP 69; pw/p, = 1.8; T,/Tt, = 0.43. 

(b )  Downstream of in te rac t ion ,  FP 66; %/p0 = 4.3; pw/p, = 7.5; 
Tw/Tt, = 0.46. 

P i to t   p ressure ,   s ta t ic   p ressure ,  and total-temperature measurements 
a t  M, = 10.4  f o r  an  entering  laminar  boundary  layer on f l a t -  
p l a t e  model. 

(a) Upstream  of in te rac t ion ,  FP 41; h/p,  = 3.0; Tw/Tt, = 0.32. 

(b)  Downstream of   interact ion,  FP 50; %/po = 2.1; pw/p, = 5.2; TW/Tt- = 0.31. 

( c )  Downstream of   interact ion,  FP 51; %/po = 7.0; pw/p, = 15.3; 
Tw/Tt, = 0.31. 

- . .. - .  ...~ "" ." . .__. "" . " 
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T i t  l e  
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Pi to t   p ressure ,   s ta t ic   p ressure ,  and  total-temperature measurements 
at M, = 10.4 for   an   en te r ing   tu rbulen t  boundary layer  on f l a t -  
p l a t e  model. 

(a) Upstream  of in te rac t ion ,  FP 40; h/p ,  = 2.7; T,/Tt, = 0.40. 

(b) Downstream of   interact ion,  FP 48; %/p0 = 5.8; pw/p, = 16.4; 

( c )  Downstream of   interact ion,  FP 49; +/po = 21.5; pw/p, = 52.0; 

Tw/Tt, = 0.35. 

Tw/Tt, = 0.38. 

Boundary-layer-edge  conditions  and  integral   properties  for f l a t -  
p l a t e  model a t  Mach number 7.3. 
(a) Laminar flow. 

(b)  Turbulent  flow (first  row of t r i p s )  . 
Boundary-layer-edge  conditions  and i n t e g r a l   p r o p e r t i e s   f o r  f l a t -  

p l a t e  model a t  Mach number 10.4. 
(a)  Laminar flow. 

(b)  Turbulent  flow  (three rows of t r i p s )  . 
Boundary-layer-edge  conditions and i n t e g r a l   p r o p e r t i e s   f o r  

compression-surface model a t  Mach number 7.3. 
(a) Laminar flow. 

(b) Turbulent   f low  (natural   t ransi t ion)  . 
Boundary-layer-edge  conditions and in t eg ra l   p rope r t i e s   fo r  

compression-surface model a t  Mach number 10.4 - turbulent  flow 
(two rows of t r i p s )  . 

Typical Mach number and total- temperature   prof i les  ahead  of i n t e r -  
ac t ions  on the  f l a t  -plate model; M, = 7.3. 
(a) Laminar boundary layer ;  FP 67. 
(b)  Turbulent  boundary  layer; FP 68. 

Typical Mach number and  total-temperature  profiles ahead  of i n t e r -  
ac t ions  on the  compression-surface model; M, = 7.3. 
(a) Laminar boundary layer ;  CS 93. 
(b)  Turbulent  boundary  layer; CS 54. 

- .. . "~ .. ~ - "~ . . . " ~ .. -~ . . - - . . -" . .. 



Pigure 
NO.  

17 

18 

19 

20 

TABIE 11. - INDEX TO FIGURES - Continued 

T i t  l e  
. -  

Typical Mach number and total-temperature  profiles  ahead  of  inter-  
act ions on the   f l a t -p l a t e  model; M, = 10.4. 

(a) Laminar boundary layer  ; FP 11. 
(b)  Turbulent  boundary  layer; FP 19. 

Typical Mach number and total- temperature   prof i les   ahead  of   inter-  
actions  on  the  compression-surface model; CS 46, M, = 10.4, 
turbulent boundary layer .  

Schlieren  photograph  and  experimental  surface  pressure  distribution 
fo r   i n t e rac t ion   on   f l a t -p l a t e  model; M, = 7.3. 
(a) Laminar boundary layer  ; FP 60, a~ = 2O 

(b) Laminar boundary layer  ; FP 60, a~ = 4'. 
(c )  Laminar boundary layer ;  FP 60, a~ = 6 O .  
(d) Laminar boundary layer ;  FP 60, a~ = 8 O .  

(e )  Laminar boundary layer ;  FP 60, a~ = loo. 
( f )  Turbulent  boundary  layer; FP 59, a~ = 2'. 

(g) Turbulent  boundary  layer; FP 59, a~ = 6'. 
(h)  Turbulent  boundary  layer; FP 59, UL = 8'. 
(i) Turbulent  boundary  layer; FP 59, UL = 10'. 

Shclieren  photograph and experimental   surface  pressure  distribution 
fo r   i n t e rac t ion  on  compression-surface model; & = 7.3. 
(a) Laminar boundary layer ;  CS 102, a~ = 3 O .  
(b ) Laminar boundary layer ; CS 79, CLL = 7O. 
(c )  Laminar boundary layer ;  CS 105, aL = loo. 
(d) Laminar boundary layer ;  CS 75, a~ = 14'. 
(e)  Turbulent  boundary  layer; CS 62, a~ = 7'. 
( f )  Turbulent  boundary  layer; CS 76, a~ = 14'. 
(g) Turbulent  boundary  layer ; CS 69, UL = 17'. 

31 

. .  
. .  



Figure 
No. 

21 

22 

23 

24 

25 

26 

27 

28 

32 

TABLE 11. - INDEX TO FIGURES - Continued 

T i t l e  

Schlieren  photograph and experimental   surface  pressure  distribution 
fo r   i n t e rac t ion  on f l a t - p l a t e  model; M, = 10.4. 
(a) Laminar boundary layer  ; FP 35, a~ = 3'. 
(b) Laminar boundary layer  ; FP 35, aL = 5'. 
( c )  Turbulent  boundary  layer; FP 37, a~ = 5'. 
(d)  Turbulent  boundary  layer ; FP 37, aL = 8'. 
(e )  Turbulent  boundary  layer; FP 37, a~ = 10'. 

Schlieren  photograph and experimental   surface  pressure  distribution 
f o r   i n t e r a c t i o n  on  compression-surface  model; M, = 10.4. 

(a) Turbulent  boundary  layer; CS 18, a~ = 3'. 
(b)  Turbulent boundary layer ;  CS 25, a~ = 7". 
(c)  Turbulent boundary layer ;  CS 38, a~ = 14'. 

Comparison  of  experLmenta1 ve loc i ty   p rof i le   wi th  "law-of -the-wall" 
p ro f i l e s ;  FP 19, Q = 10.4. 

Composite p re s su re   d i s t r ibu t ion   fo r   f l a t -p l a t e  model; M, = 7.3. 
(a) Laminar boundary layer .  

(b)  Turbulent  boundary  layer. 

Composite pressure  distribution  for  compression-surface model; 
M, = 7.3. 
(a) Laminar boundary layer .  

(b)  Turbulent  boundary  layer. 

Correlation  of  incipient  separation  pressures.  

(a) Laminar boundary layer .  

(b)  Turbulent boundary layer .  

Zorrelation  of  plateau  pressures.  

(a) Laminar boundary layer.  

(b)  Turbulent boundary layer .  

Dimensionless  pressure  distribution for separated  laminar  boundary 
layers  . 
(a) Free  interact ion  region.  

(b)  Reattachment  region. 
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T i t  le  

Dimensionless  pressure  distribution  for  unseparated  interactions.  

(a) Laminar boundary layer .  

(b)  Turbulent  boundary  layer. 

Correlation of f ree   in te rac t ion   length .  

(a) Laminar boundary layer .  

(b)  Turbulent  boundary  layer. 

Comparison of plateau  length  data  using  parameter  of Hakkinen; 
laminar  boundary  layer. 

Variation  of  Pinckney  parameter, Y/l, with  the  pressure  coefficient 
across   the  interact ion;   turbulent  boundary layer .  

Variation  of t o t a l  interaction  length  with impinging  shock strength; 
turbulent boundary layer .  ' 

Correlation  of  total   interaction  length;  laminar boundary layer .  

Example of two simple  interaction models superimposed on schl ieren 
photograph; FP 66, M, = 7.3, a , ~  = 5 O ,  turbulent boundary layer .  

Comparison of  predicted and experimental shock-wave configuration anc 
surface  pressure  distribution; FP 59, M, = 7.4, turbulent boundary 
layer.  

(a) aL = 2O 

(b) CLL = 83 

Variation  of downstream integral   parameters   with  pressure  r ise .  

(a) Displacement  thickness. 

(b) Momentum thickness. 

Variation  of downstream boundary  -layer mass flow  with  pressure  r ise.  

Details   of a turbulent  boundary-layer shock-wave in te rac t ion ;  
M, = 10.4, a,L = 10'. 

(a) Surface  pressure and  shock  configuration, FP 49. 
(b)  Probe  surveys, FP 46. 
(c )  Normalized mass-f low variat ion,  FP 46 and FP 49. 
(d)  Longitudinal  distribution of mass flow and surface  pressure, 

FP 46 and FP 49. 
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Figurc 
No. 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51. 

T i t  l e  

Comparison of pressure   da ta   for  a typical  low-pressure  test   condition 
with  results  obtained  from weak interaction  theory  (ref.   22) and 
the  method of   charac te r i s t ics ;  FP 23, M, = 10.4. 

Comparison  of  measured  and predicted  pi tot   pressure a t  probe s t a t ion  
1; FP 23, M, = 10.4,  laminar  boundary  layer. 

Comparison of  experimental and predicted  total-temperature  profiles;  
FP 23, M, = 10.4,  laminar  boundary  layer. 

Comparison of   pressure  data   for  a typical   h igh-pressure  tes t  
condition  with  results  obtained from weak interact ion  theory 
( r e f .   22 ) ;  FP 71, M, = 7.3. 

Typical  total-temperature  calibration  curves  for  the  probe  tempera- 
ture   recovery  factor .  

Comparison of   experimental   to ta l - temperature   prof i le   with  resul ts  
obtained  by  using  the  experimental Mach number d is t r ibu t ion  and 
the Crocco re la t ionship   (Prandt l  number = 1.0); FP 23, M, = 10.4, 
laminar  boundary  layer. 

Mass-flux p r o f i l e   i n   t h e  boundary  layer computed using  experimental 
and  Crocco temperature  distributions; FP 23, M, = 10.4,  laminar 
boundary layer .  

%mentum-flux p ro f i l e   i n   t he  boundary layer  computed using  experi- 
mental and  Crocco temperature  distributions; FP 23, M, = 10.4, 
laminar  boundary  layer. 

:omparison of   experimental   to ta l - temperature   prof i le   with  resul ts  
obtained  using  the  experimental Mach number d i s t r ibu t ion  and the 
Crocco re la t ionship   (Prandt l  number = 1.0) ; FP 19, M, = 10.4, 
turbulent boundary layer .  

h s s - f l u x   p r o f i l e   i n   t h e  boundary  layer computed using  experimental 
and  Crocco temperature  distributions; FP 19, M, = 10.4,  turbulent 
boundary layer .  

bmentum-flux p r o f i l e   i n   t h e  boundary layer  computed using 
experimental  and Crocco temperature  distributions; FP 19, M, = 10.4 
turbulent boundary layer .  

m i c a 1   v e l o c i t y   d i s t r i b u t i o n  showing uncertainty  in  boundary-layer 
thickness; FP 23, M, = 1044,  laminar  boundary  layer. 
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The effect  of  the  choice  of  boundary-layer  thickness on the  mass- 
flux pro f i l e ;  FP 23, M, = 10.4, laminar  boundary  layer. 

The e f f ec t  of the  choice  of  boundary-layer  thickness  on  the momentum- 
flux prof i l e ;  FP 23, M, = 10.4, laminar  boundary  layer. 
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Figure 2.- Flat-plate  model instrumentation  locations. 
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Figure  3.- Compression-surface  model with shock   gene ra to r   i n s t a l l ed .  
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an initially  laminar  boundary  layer on flat-plate  model. 
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Figure 8.- Pi tot   pressure,   s ta t ic   pressure,  and total-temperature measurements a t  M, = 7.3 for 
an  entering  turbulent  boundary  layer on f l a t - p l a t e  model. 
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Figure 8.- Concluded. 
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an  entering  turbulent boundary layer on f l a t -p l a t e  model. 
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(b )  Laminar boundary layer; FP 60, cq, = 4". 

Figure 19.- Continued. 
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Figure 19.- Continued. 
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( a )  Laminar boundary layer; FP 60, a~ = 8'. 

Figure 19.- Continued. 
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Figure 19.- Continued. 
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Figure 20.- Continued. 
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Figure 20.- Continued. 
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Figure 20.- Continued. 
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Figure 20.- Continued. 



100 

0 0  0 0 0  0 0 

1 I I I I I I I 1 I 1 1 1 1 1 1 1 1 

30 35 40 45 
x, inches 

( g )  Turbulent boundary layer; CS 69, C~L = 179 

Figure 20.- Concluded. 

w 
a3 



100 1 I 

I 

" 

1- I I I I I I I I I I I I I 

1 5  20 25 30 
x, inches 

( a )  Laminar boundary  layer; FP 35, CXL = 3". 

Figure 21.- Schlieren  photograph and experimental  surface  pressure  distribution f o r  interact ion 
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( b )  Laminar boundary layer; FP 35, aL = 5’. 

Figure 21.- Continued. 
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(c) Turbulent boundary  layer; FP 37, a~ = 5". 

Figure 21.- Continued. 
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(e) Turbulent  boundary  layer; FP 37, CXL = 10". 

Figure 21.- Concluded. 
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Figure 22.- Schlieren  photograph  and  experimental  surface  pressure  distribution  for  interaction 
on compression-surface  model; M, = 10.4. 
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Figure 43.- Comparison  of  pressure  data  for a  typical  high-pressure  test  condition  with  results 
obtained  from  weak  interaction  theory  (ref. 221, FP 71; M, = 7.3. 
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Figure 44.- Typical  total-temperature  calibration  curves  for  the  probe  temperature  recovery  factor. 
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Figure 45.- Comparison of  experimental  total-temperature  profile  with 
results  obtained  by  using  the  experimental Mach  number distribution0 
and the Crocco re la t ionship   (Prandt l  number = l.O), FP 23 ;  M, = 10.4, 
laminar  boundary  layer. 
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Figme 46.- Mass-f lw  prof i le   in   the boundary layer  computed using  experi- 
mental  and Crocco temperature  distributions; FP 23, M, = 10.4, laminar 
boundary layer .  
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Figure 47.- Momentum-flux p r o f i l e   i n   t h e  boundary  layer computed using 
experimental  and Crocco temperature  distribukions; FP 23, M, = 10.4, 
laminar  boundary  layer. 
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Figure 48.- Comparison of experimental  total-temperature  profile  with 
results  obtained by  using  the  experimental Mach  number d is t r ibu t ion  
and the Crocco re la t ionship   (Prandt l  number = I.()), FP 19; M, = 10.4, 
turbulent  boundary  layer. 

128 



0 Data 

Theory  of  reference 1 5  

1.0 

.a 

.6 

Y 
6 
- 

.4 

.2 

0 
0 .2 .4 .6 .8 1.0 

Figure 49.- Mass-flux  profile  in  the  boundary  layer computed using  experi-  
mental  and Crocco temperature   dis t r ibut ions;  FP 19, M, = 10.4, turbulent 
boundary  layer. 
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Figure 50.- Momentum-flux p ro f i l e   i n   t he  boundary layer  computed using 
experimental and Crocco temperature  distributions; FP 19, M, = 10.4, 
turbulent  boundary  layer. 
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Figure 52.- The effect  of  the  choice  of  boundary-layer  thickness on the 
mass-flux  profile,  FP 23, M, = 10.4,  laminar  boundary  layer. 
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Figure 53.- The e f f e c t  of the  choice of boundary-layer  thickness on the 
momentum-flux p ro f i l e ,  FP 23, M, = 10.4, laminar  boundary  layer. 
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