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ABSTRACT 

An experimental investigation of the boundary layer separation 

associated with a compression corner was conducted in the GALCIT 

Mach 4 wind tunnel, and a supplementary study was performed in the 

JPL supersonic wind tunnel. Special emphasis was placed on the 

development of a. wind tunnel. model which approximated true two- 

dimensional flow, and which could be run in either a highly cooled 

or  an adiabatic configuration, The basic measurements csnsis  t of 

the model surface pressure  and temperature,  and Pitot surveys s f  

the boundary layer.  The surface pressure  distributions for  t he  adia- 

batic. wall configurations a r e  compared with the theory of Lees and 

Reeves (modified by KBineberg and Lees) ,  The surface pressure  

distribution for  the cold wall was compared with the adiabatic con- 

diguratisn for  a laminar interaction, and the dependence on Reynolds 

nunnbe r for  both Paqinar and transitional interactions a r e  observed. 

The sf ree  interactions similarity suggested by Chapman i s  empirically 

tested and found to be a good approximation for  the adiabatic configu- 

ration, but i t  fails to correlate the cooled with the adiabatic case. 

The sealing suggested by Gurle was tested and found to eliminate 

this deficiency, 
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1. INTRODUCTION 

When a boundary layer encounters a region of increasing pres-  

sure, it may under certain conditions, "separate". The fluid near the 

wall decelerates and is actually reversed, forcing the boundary layer 

t s  leave or 6fseparateP'  from the wall. At supersonic speeds, the pr es -  

sure disturbance may come in the form of an incident shock wave or a 

compression corner. The objective of the present experimental inves- 

tigation was to measure  the effect of cooling on the separation and re-  

attachment of a boesndar y layer at  hyper sonic speeds. If one i s  to gain 

understanding into this very complicated problem, it  i s  necessary to 

eliminate a s  many unknowns and secondary parameters as  possible, 

clearly identifying those remaining, in order that one can ascribe the 

observed effects to the main parameters. It was felt that this objective 

could be best accomplished by observing the Plow separation of a well 

defined boundary layer on a. body of fixed geometry, both with and 

without cooling, Many experiments have been made s f  the phenomenon 

of boundary layer separation at  supersonic and even hypersonic speeds 

for  adiabatic models [Chapman, Kuehn and Larson ( 1  ), G d d  ( 2  ), 

Hakkinen, et al  { 31, and Sterret t  and Emery  (4 1, to mention just a few]. 

However, to the author Is knowledge, all experiments involving highly 

cooled walls have been performed in transient facilities, e. g. the 

works s f  BogdsnodP and V a s  (ti), Miller, et a1 ( 4 )  and more  recently 

Needham (71, which preclude any observation s f  an adiabatic mode. 

Two commonly used ideaZizations in theoretical isznalyses, a s  

for example the integral or  moment sslutions of Lees  and Reeves (8  1, 
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a r e  two-dimensionality and purely laminar flow. Clearly, an experi- 

mental work which is  amenable to analysis i s  of far  more  value than 

one that i s  too complex to allow analysis. With these goals in mind 

the f i r s t  objective of this investigation was to establish the conditions 

under which an experiment satisfied the previously mentioned con- 

straints, and then to observe the effect of cooling. 

A geometry consisting of a flat plate with a sharp leading edge 

allowed for the formation of a boundary layer well defined by the exper- 

imental work of Kendall ( 9 )  and the theoretical work of Lees and 

Probstein (10) and others. The boundary layer was then separated by 

a fixed angle ramp placed at a distance fa r  enough f rom the leading 

edge of the plate a s  to insure the separation occurring in a region of 

otherwise weak interaction. 

The finite span model which the experimentalist must accept 

will not in general conform to the cr i ter ia  of two-dimensionality be- 

cause of outflow and/or interaction with wind tunnel b ~ u n d a r y  layers. 

One can eliminate these effects by mounting side plates on the model 

Barge enough to contain the entire separation interaction (inviscid ex- 

ternal  flow a s  well a s  separation bubble) and then determining and 

minimizing ( i f  possible eliminating) the disturbances caused by the 

side plates themselves. The disturbances caused by the side plates 

were determined 'by measuring their effect on an otherwise perfect 

flow which approximated the two-dimensiesnal phenomenon; an axi- 

symmetric Psstovepipe'g-flare in the JPL super sonic wind tunnel. 

During the present study the Reynolds numbers encountered 

on the plate insure the existence of laminar flow preceding separation 



fo r  both adiabatic and cold wall configurations at  M = 6. However, 
00 

separated layers undergo transition at  much lower Reynolds numbers 

than do attached boundary layers, so it  i s  necessary to confirm that 

the flow remains laminar throughout r eattachrnent. Since the charac- 

ter is t ics  of the mean flow of a turbulent boundary layer a r e  quite 

distinct from the laminar case, i t  i s  possible to ascertain whether the 

flow undergoe s transition by surveying the boundary layer at a station 

"far downstream" of reattachment. 

Reeves (1 1) has pointed out the similarity between the shock 

wave-boundary layer interaction and the compression corner for small 

angles. The experimental pressure  distribution of the adiabatic flow 

separation associated with a compression corner can be compared to 

the prediction of the Lees-Reeves theory BOP' an equivalent shock wave- 

boundary layer interaction (Re - 
Xcorner - Rexshock 

and pmt/pG identical ). 

A comparison of transitional interactions with the laminar theory will 

allow one to infer the effects s f  transition. 

The "free interactiongP similarity suggested by Chapman ( 1 )  

for the flow upstream of the separation inducing disturbance i s  empir- 

ically tested and found to be a good approximation for the adiabatic 

configuration but fails to correlate the cooled case to the adiabatic 

case, The scaling suggested by Curle Q BZ) i s  tested and found to elim- 

inate this deficiency and finally, this scaling i s  examined on the basis  

of the Lees -R eeves fsrmu8atisn and the approximations necessary to 

obtain similarity a r e  clarified. 



2 .  EXPERIMENTAL APPARATUS 

2. l . Wind Tunnels and F r e e  Stream Conditions 

The experiments reported he re  were  conducted in two contin- 

uous flow wind tunnels: 

(a 1 The J e t  Propulsion Laboratoryf s 11 8" x 20" Supersonic Wind 

Tunnel a t  a nominal Mach number of 4.00 (with some additionall 

measurements a t  Mach 5.003. 

(b) The GAECIT 5" x 5'' Hypersonic Wind Tunnel a t  a nominal 

Mach number of 6.06. 

P,", 
The unit R eynolds number - was varied by changing the 

Po0 

stagnation p r e s s u r e ,  keeping the stagnation temperature approxi- 

mately constant: at JPL (M, = 4.00),  33,000 4 ~ e ~ / i n c h  4 300.000, 

68,000 ic Re 6 894,000; a t  GALCIT (M, = 6-06], 60,000 4 ~e, / inch 
x- 

2.2, Models and Surface Instrumentation 

2.2.1, Models Tested in JPL Supersonic Wind Tunnel 

Model AIR - B (Figure s 1 $ 2 )  i s  a n  annular stovepipe f lare  con- 

sisting of a 3 inch long plate with a sharp  ($ < . 6903") leading edge, 

wrapped around a 10 inch diameter ,  followed by a 4 inch long 1 0O 

f lare .  The model was sting mounted and the internal diameter was 

large enough to allow internal super sonic flow. The model was made 

of s tainless  s teel  and instrumented with 3 8  static p ressure  orifices 

. 01 2 inches in diameter ,  located in a? single radial  plane but never 

Bes s than . P 25 inch (approximately 1 0 diameters)  apart .  

Model AR - 2 (Figures 1 , 2 )  is a flat duplicate of AR - l consist- 

ing s f  a 3 inch long plate with sharp (t  6 . O O P s P )  Beading edge followed 



5 

by a 4 inch long, l o 0  ramp. The model i s  18 inches wide and spanned 

the JPL tunnel. It was supported on each side and rubber O-ring type 

seals  were used to prevent outflow. The pressure  instrumentation 

was identical to that of AR-1. 

Both models were fitted with side plates o r  Pins swept to an  

angle of 15O; the leading edges of these plates o r  fins were sharp. 

The f ins were bonded to the models with Eccobond which insured a 

seal  and allowed for easy removal (Figure 2). 

The surface p ressures  were measured with a multiple p r e s -  

sure  measuring system designed by J. M. Kendall, S r ,  (131, The 

device consists of a minimum volume (to reduce response time) 

pressure  transducer which i s  mechanically moved from one pres -  

sure  Bead to the next and i s  capable of handing over 100 such meas-  

urements. One calibration point was checked against the reading on 

a mercury manometer BOP each run, 

SchPieren and Spark-Shadowgraph photos were taken s f  A R - l  

for  all  conditions. 

2.2.2, Models Tested in GALCHT Mach 6 Wind Tunnel 

Model C-B (Figures 3 , 4 )  i s  a model made of nondeforming 

tool steel (Ketos) , consisting s f  a 2.58 inch plate with a sharp 

(t -( .003") leading edge followed by a l0.25", 3.0 inch long ramp. 

The model is 5 inches wide and spanned the GALCHT tunnel. It i s  

hollow and capable of allowing the internal flow of liquid nitrogen 

(3'--320"~). lit i s  instrumented with 22 static pressure  orifices 

along i t s  centerline and 6 copper - constantan thermocouple s , The 

pressures  were recorded on a multiple tube silicone manometer 



board and the repeatability of these measurements for  both the 

adiabatic and cold wall configurations is shown in Figure 5. The 

thermocouple output was measured on a Fairchild DVM after  it  was 

found to give readings to within a few percent of those made with a 

Leeds -Northrup K-2 potentiometer. The operation of the DVM r e  - 

quired much l e s s  time and effort. The calibration data given in the 

Eeeds -Northrup handbook taken from the National Bureau of Stand- 

a rds  circular  561 for a copper -constantan thermocouple were used; 

the calibration was checked a t  3 points (Figure 6). A schematic of 

the L N 2  pumping system, which was designed by R .  ~ a t t *  for  his 

studies of wakes of highly cooled bodies, i s  shown in Figure 7. 

Models X-l  , 3 and 4 (Figure 8) a r e  of a similar  c ross -  

sectional geometry: a flat plate with sharp ($ < .803") leading 

edge followed by a l o0  ramp at a fixed distance from the leading 

edge of the plate. All the models spanned the 5 inch wide GALCIT 

tunnel and the distances from the leading edge of the plate to the 

beginning of the ramp a r e  respectively 5, 3 and 2 inches; the ramp 

lengths 5,5, 5 and 4 inches. The models were instrumented with 

surface pressure  orifices and the pressures  were measured on a 

silicone manometer. 

Model S-B (Figure 9) i s  a flat plate instrumented with sur -  

face pressure  orifices which allowed for the positioning of steps 

of various heights at several  stations, This model was utilized 

to obtain more extensive separated flows for the f ree  interaction 

* 
Graduate Student, California Institute of Technology 



study . 
2 . 3 ,  Probe Measurements 

2 . 3 . 1 .  Pitot Measurements 

A Pitot probe with a flattened (. 003" x .05") tip was used 

for  the boundary layer and external Plow surveys. The pressures  

were measured on a Statham 5 psia pressure  transducer which was 

calibrated before and after the tes t  program. The measurements 

were recorded on a Moseley autograph and the position of the probe 

was indicated by a helipot connected to the actuating mechanism of 

the tunnel. F o r  each t race ,  the probe was positioned with respect  

to the model by electrical contact, the model being insulated from 

the probe until there was contact with the probe tip, 

2 . 3 , 2 ,  Fluctuation Measurements 

The hot-wire probe consisted of two needle tips, attached to 

a bras s  holder designed by C. F. Deweyp Jr. (14) to which a hot wire was 

ssft solderedo The wires were platiwm -l 0% rhodium, . O O O l  inch 

in diameter and had an aspect ratio of approximately l 80 ,  The 

measurements presented were made with a single wire so that 

qualitative comparisons could be made without regard for the 

characterist ics of the wire itself, A Shapiro-Edwards Model 50B 

constant -current hot-wire se t  was utilized to convert the voltage 

fluctuation ac ross  the hot wire caused by flow fluctuations into a 

D, G output which i s  proportional to the mean square voltage fluc- 

tuation. 

The hot wire was placed a t  the edge s f  the boundary layer,  

the time constant measured and the time lag compensated for  a t  an 



overheat corresponding to a 1070 increase in the wire resistance. 

The probe was then transversed ac ross  the boundary layer a t  this 
- 

constant current  and the output, AV', recorded on a Moseley auto- 

graph as a function of position, Fo r  the hot-wire measurements, 

the probe was positioned visually with respect. to the model, with a 

few mils  allowed for clearance to prevent wire breakage. 

2.4. Data Reduction 

Tunnel f ree  Pitot surveys were made of both the JPL SWT 

and the GAECHT Mach 6 wind tunnels under the operating conditions 

encountered in the model tests .  The local static pressure  was then 

calculated by assuming the flow to expand isentropically from the 

stagnation conditions. The measured surface pressures  were then 

normaliized by using the local tunnel f ree  static pressure a s  p,. 

The Pitot measurements in the subsonic region of adiabatic 

wall boundary Payers were corrected for Reynolds number effects 
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3 .  TWO-DIMENSIONALITY 

3 . 1  . Definition and Approach 

The purpose of this investigation was to observe the effect of 

cooling on the separation and reattachment of a laminar boundary 

layer a t  hypersonic speed. In order to study the effect of cooling 

alone, it  i s  necessary to eliminate a s  many other parameters a s  

possible. A two-dimensionall geometry consisting of a flat plate 

and a compression corner formed by a ramp of infinite extent was 

chosen a s  the basic idealized configuration for  this study (Figure 10). 

Unfortunately, the two infinite lengths required for this idealization 

do not conform to the constraints of our experimental facility. 

However, the finite extent of the ramp should not appreciably affect 

the interaction provided that the ramp terminate s many boundary 

layer thicknesses aft of the reattachment region. By limiting the 

angle of the ramp to small  values, the ramp can be made long enough 

to satisfy this criterion and yet not exceed the maximum permissible 

blockage of the tunnel. 

The constraint of two -dimensionality i s  more  difficult. The 

cross-section of the GALCIT Mach 6 tunnel i s  about 5 inches X 5 inches 

with approximately B inch boundary layers ,  leaving a uniform core sf 

about 3 inches X 3 inches (somewhat l e s s  than X a! 1, Thus, out- 

flow and other interactions with the tunnel boundary layers must be 

considered, In order to eliminate these effects, side plates large 

enough to contain the entire separation interaction, including the 

inviscid external field a s  well a s  the separation bubble, were mounted 

on the model (Figure B 1). This configuration effectively isolates the 



interaction with the tunnel boundary layers  , but now the disturbances 

from the side plates themselves must be quantitatively determined. 

By choosing side plates with sharp leading edges swept a t  a n  angle 

slightly larger  than the angle of a local Mach wave (just large enough 

to contain the separation shock), the disturbance should be minimized. 

F o r  large enough aspect ratios the flow a t  the centerline of the model 

should approach the two-dimensional phenomenon. 

3 , 2 .  Preliminarv Measurements 

Figure 12 shows the actual external flow field of an adiabatic 

model with side plates, including off-center measurements a t  a s ta-  

tion f a r  aft  of reattachment. Within experimental variation, the 

boerndary layer edge and shock ]locations a r e  independent of the span- 

wise location over the center 2 inches of the model (this distance 

corresponds to about 20 boundary layer thicknesses). Since the 

boundary Payer thickness and the length of the separated region de- 

crease  with cooling, the: adiabatic csllfiguration i s  believed to require 

the largest  aspect ratio (AR = w/x ) for a given configuration and 
63 

flow conditions, Hence, the study 0% two -dimensionality will be 

restr icted to adiabatic models. 

The behavior of the centerline pressure  distribution when 

the aspect ratio is varied by placing the side plates a t  various span- 

wise locations i s  shown in Figure 93. Ht appears that a limit i s  

being approached a s  the aspect ratio i s  increased. However, be- 

cause of the relatively small  range of aspect ratio available there 

remains some question a s  to whether a limit has been attained. 

Furthermore,  i t  i s  mot obvious that the "limitg'  attained is not 



dominated by some end effect, so that the flow does not really cor-  

respond to the infinite aspect ratio configuration, The model was 

instrumented also with pressure  orifices over the center 2 inches 

in the spanwise direction a t  several  stations. No perceptible span- 

wise variation was observed for  any of the aspect rat ios,  except for 

the orifices immediately adjacent to the side plates, although the 

centerline distribution i s  changing with aspect ratio. This obser - 

vation points up the interesting fact that although spanwise uniformity 

i s  a necessary condition for two-dimensionalityp it i s  by no means 

sudficie nt . 
Removing the side plates entirely resulted in very  little 

difference to the reattachment region, but appears to have almost 

collapsed the separated region (Figure 14). 

3 . 3 .  JPL Aspect Ratio Study 

Although some insight into the problem was gained by these 

preliminary experiments, no evidence was found that would conclu- 

sively support the premise of two-dimensionality-. In order to 

supply such evidence, a se r ies  of tes ts  was performed in the JPL 

28 inch Supersonic Wind Tunnel. Two models were constructed 

for  this test;  AW -1,  a BBtws-dimensionaB'u model consisting of a 

flat plate with sharp leading edge followed by a 1 0O ramp beginning 

3 inches from the leading edge of the plate, the model spanning the 

1 $ inch wide tunnel; A R  - 2 ,  an open-end cylinder with f lare - ' '  stove - 

pipeg'- with the identical c ross  section of the two -dimensional model. 

The diameter of 10 inches for  the cylinder was chosen large enough 

to allow internal super sonic flow and keep the parameter  
e ]I 

rN -(m 
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(r = R + A). In the limit a s  - A + 0 this configuration corresponds 
N R~ 

exactly to the two-dimensional configuration. 

F i r s t  the "stovepipe ' ' was fitted with fins a t  various aspect 

ratios. This configuration approximates the two -dimensional phe - 

nomenon and there a r e  no end effects. Thus the disturbances caused 

solely by the side plates to an otherwise "perfect" flow which approx- 

imates the idealized flow can be determined, a t  leas t  in regard to 

their effect on the centerline surface pre s sure distribution. The 

results  of this tes t  f o r  a typical interaction a t  M, = 4.0 a r e  shown 

in Figure E 5. Under the se conditions (Moo, Re , etc . ) one cannot 
X 

c 
distinguish the surface pressure  distribution from the ' '  clean9 ' con- 

figuration for  AW >, l .  It i s  concluded that +&e disturbance caused by- 

the Pins can be neglected. 

Secondly, the 9two-dimensionaPs' model was also tested with 

varying aspect ratios under identical f ree  s t ream conditions. Again 

a limit was approached for  AH% 3 B e  Furthermore ,  for  the case 

shown (Figure 14) this limit corresponds closely to the pressure  dis- 

tribution attained on the stovepipe, up to a location approximately 2 

inches along the f lare ,  where the effect of the axisymmetric config- 

uration begins to become important and the static pressure  approaches 

the cone value instead of that of the wedge. 

By using fins similar  to those indicated in Figure B P  and by 

systematically varying the aspect ratio under the operating conditions 

to be encountered, it i s  concPuded that: QB a limit will be reached 

a t  moderate aspect ratio; (2 )  this limit truly corresponds to the two- 

dimensional phenomenon. 
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3.4. Reynolds Number Correlation 

As an additional verification that this limit had been obtained 

in the CALCIT Mach 6 tunnel, a Reynolds number correlation-was 

made with three geometrically similar  adiabatic models (flat plate 

with sharp leading edge, followed by a 10' ramp) with different chord 

lengths and unit Reynolds numbers. Each model had a different 

aspect ratio and a different ratio of ramp length to chord length (Fig- 

ure 171, Since the chord length was taken to be the only characteris-  

t ic  length in this correlation the r e  sealts obtained appear to confirm: 

( l  ) the supposition that the termination of the ramp in no appreciable 

way affected the inte raction (length of ramp/length of plate varied 

from 9.0 to P .5); and (2 )  the two-dimensional limit had been attained. 

It should be emphasized that the necessary ramp length and aspect 

ratio will of course vary with flow conditions, extent of separation, 

etc,  

Finally, i t  should be noted that al l  of these conclusions were  

drawn Prom interactions believed to be purely laminar. Transitional 

interactions and their correlations will be discussed la ter ,  
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4,  PURELY LAMINAR FLOW WITH AND WITHOUT COOLING 

4.1. Confirmation of Laminar Flow 

The Reynolds numbers encountered on the plate of Model C-1 

insure the existence of laminar flow preceding separation for both 

adiabatic and cold wall conditions a t  Moo = 6. However separated 

flows a r e  known to undergo transition ea r l i e r  than attached flows, 

so i t  was necessary to confirm that the flow remained laminar 

throughout the reattachment region by a direct  measurement. In 

this section the experimentally measured pre-separation and post- 

reattachment Mach number profiles a r e  presented for a se r ies  of 

tunnel supphy pressures ,  o r  Reynolds numbers, 
Rex fo r  both the 

c 
adiabatic and cold wall condition, Once the range of We for  the 

X 
C 

purely laminar interaction i s  established, the main features of the 

interaction can be compared with the theoretical calculations of 

Lees-Reeves ( 8 a s  modified by Klineberg and Lees (15). 

Since the characteristics of the mean flow of a turbulent 

boundary layer a r e  quite distinct from the laminar case,  one can 

ascertain if the flow undergoes transition by surveying the boundary 

layer a t  a station fa r  downstream of reattachment, If the flow r e -  

mains laminar,  the boundary layer will approach a self - s imilar ,  

zero pressure  gradient laminar profile which can be theoretically 

predicted. The predictions a r e  limited to this asymptotic down- 

s t ream profile. However, any experimental profile which exhibits 

a "fu%lertB distribution than the asymptotic prediction has been dis- 

torted beyond what would have occurred if the fPow bad remained 

purely laminar. 



4.1.1. Adiabatic Model (C - 1) 

When no internal flow was allowed, the temperature of the 

model surface a t  a station 1 inch from the leading edge, which i s  

0 
upstream of separation, varied between 636 R and 6 4 5 ' ~ ~  o r  within 

2 percent of the temperature predicted for an adiabatic plate a t  Mach 

6. The temperature of the model aft of separation i s  discussed in 

the following section. 

Pitot surveys were made upstream of separation and com- 

pared to a theoretical prediction ( 16) assuming zero pressure  gradient 

and using the Sutherland viscosity law (Figures B8,B9). The agree-  

ment i s  found to be reasonably good down to M - 1, below which the 

experimental measurements indicate a higher Mach number than is 

theoretically predicted. When the probe i s  farther than w3h from 

the plate, the difference i s  attributed to viscous effects and a cor-  

rection of the form C = - 2 e 2  (Appendix l )  has been applied to al l  
P Weh 

adiabatic prof iPe s , 

The Mach number distributions obtained throughout the r e  - 

attachment region for the adiabatic configuration a t  Re = . B 5 x B 0 
6 

X 
c 

(porn = 30 psia) a r e  shown in Figure 20 together with the theoretical 

estimate of the laminar asymptotic profile. Included in Figure 20 

i s  the surface pressure  distribution in this region showing the cor-  

responding Bocations a t  which the profiles were taken. Choosing 

station 5,0 as a "test stationss, the profiles obtained a t  higher Rey - 

nolds numbers a r e  shown in Figure 21, and the distortion beyond 

the predicted asymptotic profile is interpreted a s  the appearance of 

transition. 
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4.1.2 Cold Model (C-1) 

As previously indicated, the model was designed to allow the 

internal flow of a liquid coolant. When liquid nitrogen was used in 

conjunction with the flow system designed by W. Batt, a uniform 

model temperature of -31 OOF + 5O was obtained, with the possible 

exception of the leading edge of the flat plate. After a few minutes 

run time a light f ros t ,  only a few mils  thick, was formed over the 

entire surface of the model, with the exception of a region extending 

aft -l /4 inch from the leading edge, indicating in a l l  probability a 

q ' & ~ t q P  leading edge. The thermocouple nearest  to f i e  leading edge 

a t  x = l inch indicated the uniform temperature,  and since separation 

did not occur until about twenty boundary layer thicknesses aft of 

this .station, i t  was assumed that this non-uniformity did not appre-  

ciably affect the interaction. 

The Pitot surveys of the cold model were subject to a typical 

positioning e r r o r  of approximately .803 inch. This e r r o r  may have 

been caused by the operational procedure fo1lowed for the "cold" 

configuration. The Pitot probe was positioned by an electrical con- 

tact with the surface of the model. It  was then moved away from the 

surface into the external flow, where i t  remained while the model 

was brought to uniform temperature, after which the survey was 

carr ied  out, The entire process took approximately 10 to 15 minutes, 

It  was not possible to check the position of the probe a t  the end of 

the run because the light f ros t  did not allow the electrical contact 

to be made. The positioning e r r o r  might a lso  be caused by a change 

in the effective location of the wall when the f ros t  layer i s  present,  
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The positioning e r r o r ,  though small  in absolute magnitude, leads 

to a n  appreciable relative e r r o r  in the boundary layer.  Fo r  example, 

for  a typical condition 

The detection of possible distortion of the velocity profile i s  limited 

by this "spread." The preseparation profiles for  the cold wall con- 

figuration a r e  shown in Figure 22. The spread in the data i s  of the 

order  expected Prom the positioning e r r o r .  However, a l l  cases  fa11 

below the theoretical prediction (Figure 231, which might tend to 

support the idea that the f ros t  formation caused a change in the 

'feffectiveQP location of the wall, The effect of cooling causes the 

subsonic region to lie almost entirely within 4 probe heights s f  the 

surface, and no Reynolds number correction has  been attempted for  

this case. 

The Mach number distributions downstream of reattachment 

6 
at Rex = . I 5  x 1 0 a r e  repeated for the cold wall configuration and 

c 
again contrasted with the predicted asymptotic profile (Figure 24). 

Because of the scale reduction which occurs during cooling, the 

pressure  gradient has nearly- vanished by station 4.0 and this station 

i s  chosen a s  a "test station. ' '  For  this configuration no obvious 

4 
distortions exist (Figure 25) until Rex = .50 x l 0  (porn = 100 psia),  

c 
and it  is assumed that below this Reynolds number the interaction 

i s  effectively laminar. 
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It must be emphasized that the length of the separated region 

has  been greatly reduced in the cold wall configuration (by approxi- 

mately a factor of 3 )  and hence the overall effect of stabilization does 

not support any conclusion a s  to the stabilizing effect of cooling when 

applied to either boundary layers o r  free shear layers.  

4.2 Laminar Flow 

4.2.1. Experimental Correlations 

4.2.1.1. Effect of Cooling 

For  one condition the flow was judged laminar for both 

6 
the adiabatic and the cold wall cases  (Re = .I5 x 10 1. The bound- 

X 
c 

a r y  layer edge and the shock waves in the external flow for each case 

a r e  shown in Figures 26 and 27. The effect of cooling on the surface 

pressure distribution of a laminar,  two -dimensional, complete (in 

the sense of an infinite ramp) boundary layer separation for a fixed 

geometry, 
Rex 

and Moo i s  shown in Figure 28, In order to eliminate 
c 

two obvious effects of the reduction s f  the initial pressure  level 

(viscous interaction) and the reduction of the boundary layer thicknes s 

and thereby bring out the additional effects of cooling a new pressure 

P-Po 
parameter i s  defined, and plotted versus a coordinate 

pa+ -Po 

scaled by a characteristic thickness associated with an undisturbed 
x-x 

c 
plate boundary layer,  holding the corner fixed, 5 a . The data 

hi@ 
(Figure 29) show a remarkable sinmilarity when viewed in this Bight; 

the cold wall case exhibits less  upstream influence than the adiabatic 

case ,  but the two a r e  almost identical throughout the reattachment 

region. (See later  discussion of "free interaction' ' scaling. ) , 
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4.2.1.2. Effect of Reynolds Number 

Unfortunately the appearance of transition a t  higher 

Reynolds numbers for the adiabatic model rules out any observation 

of the effect of Reynolds number on the purely laminar interaction 

f o r  this case. However, over a limited range of Reynolds nurnbers 

the flow was jLdged laminar for  the cold wall model and for a fixed 
T 

W poet 
M"* q and geometry (- = 3.81), Figure 30 shows the effect of 

pa-  
Reynolds number. The most striking feature i s  the upstream prop- 

agation of separation with increasing Re , which i s  in agreement 
Xc 

with the trend predicted for the adiabatic case by the Lees-Reeves 

ekeory, and that observed experimentally by Needham ( 7 ). 

4,Z. 2 .  Comparison with Lees-Reeves Theory 

Similarity between the separation associated with a compres-  

sion corner and that s f  an incident shock wave-boundary layer inter-  

action was noticed by Reeves (P 1). 

plate -ramp shock wave -boundary layer 

If the strength of the shock in the shock wave-boundary layer inter-  

action is small  enough so that the entropy loss can be neglected, we 

see that within a small displacement the geometry of the boundary 

layer i s  quite similar to that of the plate ramp configuration, 
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provided the overall pressure r i se  i s  matched. 

A comparison of the experimental pressure  distribution of 

the laminar interaction on the adiabatic plate-ramp to the theoretical 

prediction for an equivalent shock wave -boundary layer interaction 

QR e = Re and identical) is shown in Figure 31.  
x c o r n e ~  Xshock 

% 
In addition the form factor f /  = oi/tii 9 

where 

has been calcu8ated from the experimental Mach number distribu- 

tions by approximating the temperature field by 

and the variation of this parameter i s  also compared to the theory 

in Figure 32, During the aspect ratio study a t  JPL, a t  Moo = 4.0 we 

had a visual (shadowgraph) indication that flow may have remained 

4 
laminar below Rex = . B 7 x P 0 and these pressure  distributions, 

c 

including those obtained on the stovepipe configuration (AR -]I) which 

approximated the two-dimensionali flow, a r e  s h o w  in Figures 3 3 ,  

34, 35, Finally the condition a t  which we obtained Reynolds number 
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correlation a t  Mm = 6.06 (a = lo0)  i s  included (Figure 3 6 ) .  In a l l  

these cases  the moment method of Lees and Reeves gives a sat is-  

factory description of the surface pressure distribution throughout 

the interaction region. The discrepancy between the experiment 

6  
and the theory a t  Ma = 06 and Re = 15  x 10 (Figure 31 ) i s  

X@ 

believed to be due to improper initial conditions utilized in the 

theoretical analysis. The initial viscous interaction ( X  .75) 
0- 

makes the assumption of Blasius initial conditions suspect and this,  

including the details of the corner problem, is pre  sentPy being con- 

sidered by El, KO* a t  Galtech. 

" Graduate Student, California Institute of Technology 
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5 .  TRANSITION 

5.1. Observations of Transition and i ts  Effect 

In order to ascertain the effect of transition, and in particular 

i ts  effect on the surface pressure distribution, interactions known to 

be transitional have been contrasted with the theoretical prediction 

for the laminar shock wave -boundary layer interaction. Within the 

limitations of this theoretical prediction for the laminar flow, such 

a comparison will show the effect of transition. 

The shadowgraphs taken of Model AR-l a t  JPL during the 

aspect ratio study show evidence of turbulence aft of reattachment 

6 
for  Re 2 . 2 7  x B 0 a t  Moo= 4,0 (Figure 3 7 ) .  A qualitative change 

xc 

occurs in the characteristics of the boundary Payer in the region aft 

of reattachment, a s  compared to the boundary layer forward of sepa- 

ration, The boundary layer upstream of reattachment, including the 

separated Payer, exhibits a distinct edge, This edge vanishes in  the 

region aPt of reattachment, Also, a structure becomes plainly visi- 

ble, beginning with striations a t  the Bower Reynolds numbers and 

becoming 'grainlikes ' a t  the higher Reynolds numbers (Figure 381, 

It would seem plausible that elhe striations a r e  caused by a vortex- 

like structure and the grains a r e  turbulent eddies. The surface 

pressure  distributions for both Models AR-B and - 2  a r e  contrasted 

6 
with the laminar theory for Re = . 2 7  x BO (Figure 39). For  this 

Xc 

Mach number and ramp angle, the next highest Reynolds number 

exceeds the Bimitations placed on the theory by the one parameter 

description; for higher Reynolds n m b e r s  (more highly separated 

flows) the appearance of a predicted static pressure  maximum im 
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the "free interaction" region i s  deemed physically unrealistic ( 8 ). 

The surface temperature of the GAECIT model C-1 was r e -  

corded for the adiabatic configuration (in which no internal flow was 

permitted) and the local recovery factor was calculated; the results  

a r e  shown in Figure 40. The pre-separation (x = P inch) recovery 

factor increases from r = .845 to .859 a s  the unit Reynolds number 

is increased. This deviation is believed to be caused by heat con- 

duction within the model, which extends into the tunnel boundary 

layers  (turbulent for pow > 40 psia). The post-reattachment 

(s = 1.46) value of s shows an increase with increasing unit Rey- 

nolds number, and it  approaches a value exceeding the expected 

turbulent recovery factor by about the same amount as the plate 

value exceeds the laminar prediction. This behavior is associated 

with the transitional nature of the boundary layer in addition to heat 

conduction within the model. 

The Pitot surveys in the reattachment region for the higher 

Reynolds numbers exhibit the characteristic properties of transi-  

tional o r  turbulent boundary layers,  The edge becomes poorly 

defined and the profile becomes increasingly full, A region near 

the wall appears in which the profile is similar to the laminar bound- 

a r y  Payer profiles, and this region i s  believed to be the laminar 

sublayer of a turbulent boundary layer. This qualitative change in 

the Pitot surveys is seen in Figures 411, 42, 43 ,  44, which include 

a pre  - separation $PamjiPlar profile for  comparison, 

All the pressure  distributions, including that of the laminar 

case fo r  comparison, a r e  shown with the Paminar theoretical 
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prediction. The Mach number distributions obtained in the reattach- 

ment regions a r e  also included in Figures 45, 46, 47, 48, 49. 

The effect of transition appears to be threefold: (1) the up- 

s t ream influence has been retarded; (2)  the p ressure  gradient in the 

reattachment region has  steepened; and ( 3 )  the pressure  overshoot 

(above inviscid pa+) has  increased. 

The appearance of transition a t  higher Reynolds numbers for 

the adiabatic configuration ruled out any observation of the effect of 

Reynolds number on a purely laminar interaction. The cold wall con- 

figuration, which remained laminar over a limited range of We ynolds 

numbers, exhibited the upstream propagation of separation with in- 

creasing Reynolds number which has been prqdicted by Lees and 

Reeves. The effect of transition on upstream influence i s  to reverse  

this t rend (Figure 50), a result  which has also been observed by 

5-2, Fhctuat ion Measurements (GAEGIT , Model X - B , adiabatic wall, 
EVBm = 6.06) 

The location of a point of transition would allow one to define 

a sufficient cri terion for an effectively laminar interaction. The Pitot 

profile s exhibit a! continuous variation from separation-like profiles 

to profiles of a transitional or  turbulent nature. Hn order to establish 

whether there exists a point s f  transition, fluctuation measurements 

were made across  the boundary layer a t  several  stations and tunnel 

conditions (RegmoPds numbers). The measurements were made using 

a Shapiro and Edwards constant -current  hot -wire set.  The sensitivity 

of the measurements to local conditions, which change greatly ac ross  
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the boundary layer ,  require numerous measurements under differing 

conditions (e. g. wire overheat) in order  that one can be certain what 

portion of the hot-wire voltage output is truly flow fluctuation. Such 

measurements were not carr ied  out during this investigation and these 

measurements a r e  necessarily of a qualitative nature. The hot wire 

was placed just outside the boundary layer and the time constant was 

determined by the square wave method a t  an overheat corresponding 

to 10% increase in the wire resistance above i ts  adiabatic value. 

With this fixed current ,  the hot wire was then t raversed ac ross  the 

boundary layer and the mean square voltage output recorded on a 

Moseley autograph versus  the position of the hot wire. The measure - 
ments represent  contributions from all  frequencies between 1 cycle 

and 300 kilocycle s . Pitot surveys were taken under identical condi- 

tions and with the boundary layer thickness, 6 ,  defined a s  the maxi- 

mum slope intercept (Figure %l ); the mean square voltage fluctuation 

was then plotted versus  -y/d and is shown in Figure 52. 

Well defined maxima occur within the boundary layer for  

stations located a t  or  near the corner of the modell for al l  3 Reynolds 

n m b e r s ,  At the lowest Reynolds number (p = 38 psia),  this 
000 

behavior remains the same a s  one moves aft, with an increase in 

the magnitude of the maxima and a slight shift of the location of the 

maxima toward the wall, At the higher Reynolds numbers, the pic- 

ture undergoes a qualitative change, The maxima a r e  l e s s  well 

defined and tend to "spread out", with a marked increase in mag- 

nitude, At the highest Reynolds number, porn = 108 psia, the meas-  

2 
urement (AV ) reaches a maximum and then begins to decrease as 
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one moves aft (Figure 53). 

No cr i ter ia ,  such a s  an abrupt increase in fluctuation, were 

observed which would allow one to define a "point of transition" and 

hence a sufficient criterion for an effectively laminar inter action. 

The Pitot surveys show a distinct sublayer a t  x - 2 .0  for  

- 

6 
. 3  0 X 4.0 ), which, accompanied by the peaking of the fluctuation 

measurement a t  R e  = 1.0 x lo6 ,  suggests the existence of a fully 
xc 

developed turbulent boundary layer. The severity of the effect of 

this level of transition on the interaction i s  seen when the pressure  

distributions a r e  contrasted with the laminar theory, (Figures 54, 

55, 56) The deviation from the laminar prediction increases with 

increasing Reynolds number while simraltanesmsBy the fluctuation 

measurements undergo the qualitative changes previously described, 

5.3. Model Correlations 

5 , 3 , k ,  Two -Model Correlation (JPL, Models AR-B and 2 ,  
Adiabatic Wall, MM = 4.0) 

The correlation between the pressure  distributions of the two - 

d h e n s i o n a l  and annular models used in the aspect ratio study a t  JPE 

6 
has  been demonstrated a t  Re = .068 x 10 . As the Reynolds number 

xc 

was increased this correlation becomes increasingly poor. (Figures 

A 
57, 58, 59). The only parameter  which governs the difference 

N 
between the two models remains relatively unchanged. At the highest 

Reynolds numbers the stovepipe i s  known to be transitional (shadow- 

graph observation), and it  i s  concluded that this lack of corre8ation 

is directly a$tributable to the degree of transition which each model 
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experiences. The stovepipe model i s  mounted approximately 2  feet 

aft of the two-dimensional model, and its surface i s  a s  close a s  2  

inches from the tunnel boundary layer (Figure 60), while the surface 

of the two-dimensional model is approximately 7 inches from the edge 

of the tunnel boundary Payer. It i s  believed that this variation in 

location i s  subjecting the stovepipe configuration to a higher level 

s f  Psnoisegq from the turbulent tunnel boundary Payers, thereby more 

effectively tripping the separated flow. 

5,3.2, Reynolds Number Correlation (GAECIT, Models 
X-1, 3 and 4, Adiabatic, Ma = 4.60) 

As previously shown, a good correlation of surface pressure  

distributions was obtained with dsferent  size models when f ree  

stream conditions (unit R eynolds numbers ) were adjusted such that 

4 
Rexc was invariant (see Figure 17). F o r  Re 9 .30 X 10 , where 

X@ 

the flow was in a state of transition, this correlation failed (Figure 

41)- When a given model QX-3) was moved approximately 9 inches 

aft in the wind tunnel it  exhibited a different pressure distribution 

(Figure 4 2 )  thereby confirming the sensitivity of model location to 

the phenomenon s f  transition. Behrens (P7) has made fluctuation 

measurements in the GALCHT Mach 4  tunnel which show an increase 
- 

2  
in the free stream fluctuation (AV ) of approximately a factor of 3 

(1 cyc1e/sec lo 28 kilocycle/sec) over this distance. 

The apparent sensitivity to model location within a given 

tunnel, and to tunnel conditions (unit Reynolds number, etc . 1 and/or 

model size .makes it impossible to ascribe a cri t ical  Reynolds number 

to the transition phenomenon in a separation interaction in wind 
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tunnels, One must have the capability to run a tunnel with laminar 

tunnel boundary layers so that there would be no ' 'noise, ' ' and then 

vary Reynolds numbers by changing model size in order to arr ive  

a t  a cri terion which would be of value under flight conditions. This 

procedure has not been attempted during this investigation because 

of the limitations of the existing experimental facilities. 
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6. FREE INTERACTION 

Once a boundary layer has been separated by some disturbance 

(step, shock, etc. ) ,  the flow field in the region near separation i s  

dominated by the equilibrium interaction between the boundary layer 

and the external supersonic Plow, Although the location of the point 

of separation is very much a function of the location and strength of 

the disturbance, the pressure  distribution throughout the region r e  - 

moved from the immediate neighborhood of the disturbance i s  governed 

by local interaction, and in this sense i s  independent of the disturbing 

mechanism. This phenomenon is commonly referred to a s  a !'free 

interactions (Figure 4 3 )  

Chapman e t  a l ,  ( P ) obtain a similarity scaling by the following 

~ n r i g o r o u s  but suggestive approach, Taking the linearized pressure 

coefficient referred to conditions a t  some reference point x 
o 

and the momentum equation evaluated a t  the wall, 

the iwtroductisn sf the following dimensionale s s  Gariaible s , 

E =  x-x = tix o dy = 6; dy 

where 1 .  is as yet undetermined, leads to 
P 



a? and P = 2 0  

6 '' 
p-Po 0 

provided P = - - 
7 l i  
0 

6* 2 
0 

and (-i--) = 
i 

X-X 

and X = - yc, ( ~ : - l ) +  
6* o 
0 

In hypersonic flows, the linearized representation of the pres-  

sure coefficient i s  of limited use and for ouz purposes it will be neces- 

sary  to include the next t e rm,  that i s  

The similarity form now becomes 

Hence, even from this crude argunefit a parameter has ar isen which 

cannot be eliminated and in general we must expect P to depend on 

this parameter a s  well a s  on X, i. e.  , P = P(X;  M 
0 3/2 yq--)* 0 

Since the experimental measurements were limited to p = p(x), 

i t  was necessary to predict the initial scaling parameters. Restrict- 

ing the argument to the separation s f  a boundary layer formed on a 

6 
flat plate, in a moderately hypersonic flow (Moo>> P )  and occurring 

d6* 
in the weak interaction regime of the boundary layer ,  Moo(a;; ) << 1 ,  

it can be shown (Appendix 2a) that the Chapman similarity variables 

becomes 



X-X 
2 

X-X 
0 1 -1 T W x =  - ( 1 ~ ~ - 1 ) '  = 0.82 - - G (Moo. -1 

6* 0 "0 Too 
0 

T 6* Yfihx 
where G (M,, -W) = - 

Too " M;K, 

is a relatively insensitive function s f  Mach number for the adiabatic 

wall and M, 3 4, 

Adiabatic 

The function G does change significantly for a. cooled wall, for 

example : 

T 
W 

(As M, c , ~ O O  - - fixed, the scaling function G becomes independent 
T, 

s f  wall temperature, corresponding to a physical scale approximately 

one -quarter ithat s f  the adiabatic codiguration, G " . B B 4). 
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F o r  the flat plate boundary layer the additional parameter,  

M 3/2 , which entered because of the nonlinear term in the 
0 

n - 
pressure  coefficient i s  just and P = P(X; xo). 

Restricting attention a t  f i r s t  to the adiabatic mode, the pres-  

sure  distributions obtained on three models (the stovepipe - l o 0  f lare 

a t  Ma = 4. O and 5.0, a plate - 10O ramp and a .10 inch step placed 

on a plate a t  x = 3 inches and x = 5 inches a t  Ma = 6.06) have been 

reduced according to this similarity scaling. In a l l  cases  transition 

appears to occur in the neighborhood o r  downstream of reattachment 

(Figure 381, leaving the ' free interactionsP' Balminali., Hence, the f ree  

interactions of transitional a s  well a s  purely laminar overall inter- 

actions have been correlated. 

Figures 64, 6 5 show typical pressure distributions obtained 

with these configurations, and Figure 46 shows the Chapman cor re  - 

latisn including al l  values s f  x . In order to investigate the depend- 
8 

ence on the interaction parameter,  xOS the values of P occurring at 

each sf 3 fixed values of X (obtained by curve f i t )  a r e  plotted versus  

X, (Figure 67). The variation observed amounts to approximately 

P 070 for each value of X, and appears to be a definite trend, such 

that P decreases with increasing x 
0 

The efgect of wall temperature on Chapman' s scaling has 

been assumed to enter solely through i ts  effect on the reference 

quantities (6*# etc, ) sf the scaling, The pressure  distribution ob- 
T 
W 

Z 11.70 tained on a plate upstream of a P O O  ramp a t  Moo = 6.06 with -- 
Too 

is correPateeB in the same manner and presented in Figure 68 together 



with the band of adiabatic data. Although data taken a t  al l  Reynolds 

numbers for this fixed wall temperature collapse into a single curve, 

the curve is quite distinct from that obtained in the adiabatic case. 

The major difference appears to be in the X scaling which may reflect 

an "error" in the choice of 6 * a s  an appropriate scaling factor for 
0 

a 
0 and/or (T) when TW/T, is not fixed. 

Y "  

Using an approximate integral of the energy equation and a 

Pohlhausen type analysis, Curle (12) argues (see appendix 2b) for a 

flat plate that 

The similarity yariable H9 i s  identical to f i a t  s f  Chapmans s scaling, 

but 

The actual tabulated values s f  F(x) agree with Chapman's 

empirical values for the separation pressure ,  but considerably 

overestimate the plateau pressure,  Ef it i s  assumed that the dis- 

crepancy is caused solely by the functional dependences assigned 

to the Pohlhausen parameter, the similarity scaling is unaffected 

and one is  free to search for an empirical relation between the simi- 

Parity variable s . 
CurPe uses the linearized form of the pressure coefficient 

and by the same argument a s  before we can expect to enter again 
0 

as zama bdepeaadent parameter under the hypersonic conditions 



encountered here.  

As in Chapman's caling, for adiabatic flow and relatively 

high Mach number, M (which takes the place of 6-l) is 

insensitive to Mach number. 

Adiabatic wall 

but the effect of cooling i s  further magnified 

In order to compare the two scaling laws, the constant in Curle's 

scaling i s  adjusted such that it agrees with Chapman in the adiabatic, 

infinite Mach number limit. 

As Mm -+ 00 (adiabatic wall) 

(0) 
X-X 

o 1 - (09 
XChaprnan 

+ 1.840 - - = XCurle 

"0 

Adiabatic wall Chapman Curl@ 



Cold wall 

X-X X-X 

Moo = 6.06 X(O) 5 4.08 - - x(0)=6.69-- 0 1 

"0 KO "0 KO 
fixed -7.05 - 00 

ax 
(which implies - - -0)  

X 
0 

We see that the two scaling laws a r e  empirically indistinguishable 

when applied to the experimental range of adiabatic conditions. 

However, for  the cold wall a t  Mach 4 CurBePs scaling shows nearly 

twice &he effect of Chapman's scaling, becoming more severe a t  

higher Mach nupbers ,  This difference seems to be reflected in the 

experimental correlation shown in Figure 69,  where @urleP s scaling 

is used for both adiabatic and cold wall data (all xo). The variation 

of P with xog including the cold wall data, again exhibits the same 

decreasing trend with xo (Figure 70). 

Lees (18) has considered this problem with the aid of the 

moment or  integral method and i s  able to show (appendix 2c) that 
1P 
P 

0 
Curle' s scaling i s  valid; however for highly cooled walls - 

T 
cannot 

000 

be entirely eliminated and enters a s  a parameter. The empirical 

fact that the present investigation does not exhibit an appreciable 
rg, 
I 

W 
dependence on - 

T 
i s  not fully understood and any conclusion must 

000 

be withheld until the equations, including the energy equation, have 

been integrated. This i s  presently being investigated by J. mineberg 

a$ Galtech using a two parameter moment formdation. 



In summary, it has been demonstrated that the s imilari ty 

scaling obtained 'by the dimensional argument of Chapman contains 

the wall temperature ra t io  a s  an important independent parameter ,  

I?= P (x,, Tw ) On the other hand, in the s imilari ty 
apman' Xo8 T ' 

00 

variables suggested by Curie the temperature ra t io  does not appear 

a s  an independent parameter ,  and over the reasona'bly wide range of 

experimental conditions encountered during this inve stigation all data 

reduce to a single curve with a slight dependence on x which i s  at t r i -  
8 

butad to  the nonlinear t e r m  in the pressure  -deflection relation, 

XCurle; X,)o No quantitative measure  was made of the location 

s f  separation and hence s f  the separation pressure ,  However, the 

plateau p ressure  which i s  being approached appears  to  be inn good 

agreement with the empirical  data for  P. 3 s M < Ma 6 3.6  of 
019 

Chapman (Ppe 2.23) and the theoretical est imate and exper h e n t a l  

data at Mm = 2. O d Hakkinen (Pp = 2.33). 



TABLE 1 
Range of Experimental Parameters  for F r e e  Interaction Correlation 



Table 1 (Cont'd) 
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7. SUMMARY 

A study has been made of the two-dimensional boundary layer 

separat ion associated with a compression corner  a t  Mach 4-6,  over a 

6 
Reynolds number range of Rex = 6 . 8  x lo4 - 1.0 x 10 , and for both 

c 
adiabatic and highly cooled models. 

7. 1, Two-Dimensionality 

In order  to obtain two-dimensional flow the outflow and the 

disturbance caused by the interaction with the wind tunnel boundary 

l aye r  s were eliminated by mounting side plates or  fences on the model. 

The disturbance caused 'by the side plates themselves was minimized 

by designing them swept and with sharp  leading edges, The spanwise 

distance between them was varied until the centerline surface p ressure  

distribution reached a limit for each configuration and condition; the 

l imi t  was attained a t  a moderate aspect rat io (of order  B under the 

conditions encountered). The spanwise p ressure  distribution became 

uniform while $he centerline distribution was stil l  varying and hence 

this  t e s t  i s  not acceptable a s  a sufficient experimental cr i ter ion for 

two-dimensional flow. An observation of the disturbance caused by 

the s ide  plates to a flow which a p p r o x h a t e d  the two-dimens isnal flow 

and had no end effects (stovepipe configuration at JPE) confirmed that 

the l imi t  was not affected by the side plates. 

7. 2. Laminar Flow 

A model which could be run either in a highly cooled or  an 

adiabatic wall condition was designed for use in the  GALCIT Mach 6 

tunnel. Pitot p ressure  surveys were made of the boundary layer 

d s m s t r e m  s f  r e a t t a c h e d  and the Mach neaarnber distribution was 
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calculated by assuming that the static pressure  was constant ac ross  

the boundary layer. The Mach number distributions were then con- 

trasted with a theoretically predicted asymptotic laminar profile. 

Those flows undergoing transition exhibited distinct distortions beyond 

(fuller profiles) this prediction. It was assumed that those flows which 

did not exhibit this level of distortion were "effectively" laminar. 

The effect of cooling for laminar flow with a fixed geometry, 

Mach number and Reynolds number was observed to be: ( 1) a reduc- 

tion of scale approximately proportional to the reduction in the dis-  

placement thickne s s  of an undisturbed boundary layer;  ( 2 )  a reduction 

of upstream influence beyond this scaling effect; (3)  a reduction in the 

overall pressure  Bevel of the magnitude of the reduced interaction 

pressure  on the: plate preceding separation, 

Those flows which remained Bminar  a s  the Reynolds n m b e r  

was increased exhibited the upstream propagation of separation pre-  

dicted by Lees  and Reeves, 

All adiabatic flows believed to be laminar were compared with 

the Lees-Reeves theory (as  modified by Klineberg and Lees)  and good 

correlation was obtained over a wide range sf parameters. 

7. 3, Transition 

In addition to the distortion of Boundary layer profiles, the 

surface recovery temperature, qualitative fluctuation measurements 

and some shadowgraph observations were used to detect the existence 

of transition. In dl cases, the transition appeared to occur near or 

aft of reattachment, 



In order to ascertain the effect of transition, transitional inter- 

actions were compared with the theoretical prediction for  the laminar 

shock wave- boundary layer interaction. Within the limitations of this 

theoretical prediction for the laminar flow, such a comparison shows 

the effect of transition to be threefold: ( 1 )  the upstrezam influence has 

been reduced; (2)  the pressure  gradient in the reattachment region has 

steepened; and (3 )  the pressure  overshoot (above inviscid p t) has 
CO 

increased. 

The effect of increasing Reynolds number for transitional inter- 

actions was to decrease the upstream influence, which i s  opposite to 

the trend observed for laminar flows. 

7.4. F r e e  Interaction 

The q'free interactionDD concept was confirmed and the data cor - 

related according to the scaling suggested by both Chapman. and Curle, 

Both correlate the adiabatic wall data well, with the exception of a 

dependence on the interaction parameter,  x which is s h o w  to be 
oP 

important for hyper sonic fZows, The correlation of the cold wall data 

exhibits a dependence on wall temperature beyond that suggested by 

the Chapman scaling, The form suggested by Curle appears to remove 

this additional dependence. 

7. 50 

Several extensions of the investigation present thernselve s: 

(1) The measurement of heat t ransfer  and skin friction throughout 

the interaction region. 

( 2  1 An investigation of the effect of wall temperature over a wider 
v 
I 
W 

range sf e2 
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( 3 )  An investigation of the effect of initial conditions; for example, 

the effect of a negative pressure  gradient upstream of the interaction. 

(4) A quantitative study of the instability of the separated and r e -  

attaching flow. 

(5)  A study of the effect of geometry, as for example ramp curva- 

ture and ramp length. 
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APPENDIX 1 

REYNOLDS NUMBER CORRECTION FOR PITOT MEASUREMEXTS 

There a r e  at  least  three factors which must be considered in 

interpreting Pitot pressure  measurements in a boundary layer: ( I )  a s  

the probe nears  the wall the Reynolds number becomes small, giving 

r i s e  to viscous effects; ( 2 )  the stagnating streamline i s  displaced be- 

cause of a lateral  velocity gradient; (3)  a s  the probe approaches the 

wall, the presence of the solid boundary becomes an important factor 

in the local flow field, 

The experimental Mach number distribution obtained on a flat 

plate is contrasted with a theoretical soBution based on. the Sutherland 

viscosity law (16) (Figure 19). F r o m  the agreement with the thesreti- 

cal  prediction in the region M > 1 it i s  concluded that all t h e e  effects 

a r e  unimportant in this region. If it is assumed that: (1) the displace- 

ment created by the velocity gradient i s  mot important; ( 2 )  there exists 

a region near enough %he wall that visce~us effects a r e  important 

(Re 6 lo), but far  enough removed so that the boundary condition im- 

posed by the presence of the wall does not appreciably influence the 

probe measurement, then we have some hope of making a meaningful 

correction to the measurementse 

Sherman (19)  has made measurements up to M = .7 with two 

different axi- symmetric pr obes, one approxha te ly  source shaped with 

.20h opening and the other a flat-ended probe with inter nal chamfer, 

Both show reasonable agreement with the theoretical prediction of 

Hommn ( 2 8 )  for the impact pressure  on a sphere at M = 0 ,  



For probe locations greater  than three probe heights from the 

wall we have taken the difference between the measured impact pres-  

sure  and that predicted by the theoretical calculations under ideal 

(i sentropic compression) conditions, and plotted the data obtained for 
pt(meas)-pt(ideal) 

M < 1 in the manner of Sherman; here C = and Reh 
CI ~ / 2  9 h/ra 

is the Reynolds number based on height of the probe (Figure 71). The 

Reynolds number was calculated by approximating the temperature 

field (which was not measured directly) by the form suggested 'by 

Schlichting (231, 

The probes used thr oughoutthe investigation were flat ended (opening 

N 3h and flattePied width/height " 151, HomannDs solution for the im- 

pact pressure  on a cylinder (the probe was believed to be closer to this 

configuration than a sphere) i s  @ = 4 
and this result  falls 

1$ Re-k .44 .E  
within the scatter band, Because of the ratder large amount of scatter 

the complexity of this form i s  not warranted and an empirical fit of the 

'' 
has been chosen a s  best representing the data. As the form @ = - 

gl Re 

probe e r n e  closer than - 3h to the plate the measured value of @ 
Y 

showed increasing deviation from this form, and it i s  concluded that 

this region i s  greatly affected by the solid boundary. 

This form of viscous correction requires iteration if one s tar ts  

with a measured Pitot pressure,  and attempts to infer Mach number. 

However, by starting with Mach number = . 1, .2, . 3  etc. , knowing 

- and Rea we can calculate -- PB: (meas) and since the measkred 
Pm 

impact pressure  in this region is quite smooth, we can find the c s r r e -  



sponding location by curve fitting the data (Figure 72), thus eliminating 

the iteration. 

This correction represents a "first order" look a t  the effect of 

Reynolds number on probes of the geometry utilized in this particular 

boundary layer study. These findings must necessarily be verified 

under conditiqns in which there does not e x i s h i t h e r  a solid boundary 

or a velocity gradient. 

With this limitation in mind, all adiabatic profiles have been 

corrected according to this Psrmulae. The subsonic portion of the cold 

wall profiles l ies within w 4h and hence no correction was attempted. 
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APPENDIX 2 

(a) Chapman scaling 

Since only p = p(x) has been determined experimentally i t  is 

necessary to estimate theoretically the other parameters  which enter 

the f ree  interaction similarity scaling, 

First, 

P = '  0 
and 

c = 2: P-P, B - - -  
Po Po M m 2 ~2j' '20 a 

- 1  Mo\-2 

'f o = rn ( 1  csaz8 ( X I  where - 
?- W 

00 
Cf 

- 
2 "  

09 Y/Z ,,Ma 

Y 
or neglecting / 4 M ~  s 

0 

d6* << 1 Following Lees-Prcbstein (10)  for M: >> 1 and M a x  

2 = l+ y ( ~ ,  which implies 

Pm 

M 
@ - 1 -  

KT--- and 
a0 



(0) 

Cf = Cf 
2 + - (M db* ... 

00 00 M 
3 

00 

where 

(Ref. 21) 

d6* and C:O) are  evaluated for non-interacting flow: aT 
00 

(Ref, 22) 

By utilizing these relations, 
1 - 

P-Po Re$ 
2- p = -  --i 

Y Po M2 JXG GO 
P 

1 
R e x i  

- d6* 
7- ( M ~  =) * * * *  ) 
664 C: 

00 

P and neglecting - 
2M 

00 

P - n B 

x-x 
x = -  

x m 

8 

P - a + .  . . )  

B 
and again neglecting 

B P 

x-x 
0 x = : -  

X 
0 



which becomes 

where 

and finally, 

X-X 
o II X = 0.815 -- 

"0 & ob 

fb)  Curle scaling 

The scaling suggested by Curle can be ar r ived at by Chapmanfa 

argument provided one introduces a partial  transfsrmation to incorn- 

p r e s  sible variables,  
Q " 1 -  

$g.- p e  BY 
and approximates the tempera-  

ture  field by the Crocco integral (the complexity s f  Cu r l e gs  approxi- 

mation of the energy integral i s  unnecessary for  this argument], 

2 
N e g t e c t i ~  the variation of Me 8. in compwison with the variation 

P 



T 
w * 

of bi implies 0 - B o %  
e e o 

Now 

* ac 
6 i 0  dD w 6i 

C JT= 2 -  - - where D = - -  
Po Mo 

T ai d x  * 
e b i 0  

and 

I? - - dD 
T x  provided 

- P 
P - - G ("W) 

Po i e 
0 

Taking the momentum equation a& the wall, 

which implies 

(~:-1y x- x 2 * T  - 1 
I? - - Po and x = J T  6% -9 (F) * 

o e 0 

The pressure scaling is identical to  that of Chapman, and 

following Appendix 2a the X scaling can be predicted. 



The temperature ratio becomes, 

and hence 

X-X 
0 Rex 

a ,/xi I T - 
x = -  M (+)-I 

Xo 1 . 7 3 0 ~ t  00 o(9 00 

2 

(c) Lees analysis 

E one approximates the energy integral (e.g, with the Crocco 

integral) the interaction is determined by the following three eqena- 

ticons g$,P5) when coupled with the external Prandtl-Meyer relation: 

where and 
1 9 me a 

tan @ - _ - M 6 , * -  
vOO 

e P 



ei* 
If one assumes that = K(const), 

1 

dB D = (KA-G) ( B - H m )  



Utilizing the Crocco integral to approximate the temperature field, 

ht-hw - U - - 
h t w  e u e 

and the equations become, 

which imply 

doi - 
- Q(&* n 

QCurle's p r h a r y  assumption involves the constancy of the momentm 

thickne s s. 



By differentiating (2) and using the Prandtl-Meyer relation 

one finds 

Eliminating d"e 
caX; between Eq. (1) and (4) leads t o  

- P 
d 

M - C 00 K P-W 
ax = (3) a0 - * 

W 

o 
'i {2-K)Ht(K-2H) 

0 

which implie s 

88 
4x1 ltrnco (Tw)Z ( K  P-R)  

lRe8 1- T- orp $K- 2H) 
0 0 

X-X 
0 

9 fBH) = 0 where 5- 

Hence for  interactions which involve small  variations in M 
e 

which is 

the scaling obtained by Curle, However, for  highly cooled walls, 



(2-K)H 
1 

W 
H 1 and while one i s  f ree  to maintain this scaling, - 

Tw 
(K-2H) - 

*om 

must  be expected to enter the correlation a s  a parameter.  

Taking the isentropic pr es  sure  deflection relation, 

and for small variation in M 
e $ 



MODEL AR-2 \ 

Figure  P. JPL Wind  Tunnel Models AIR- 1, -2  
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Figure 3, Wind  Tunnel Model C- 1 ,  
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Figure 4, Wind  Tunnel Model C-1. 
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Figure 12. External Flow Field of Separation Interaction. 
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Figure 32. Comparison of Experimental Form Factor,  f/, 
with Shock Wave-Boundary Layer Interaction Theory. 
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Figure 45, Comparison with Laminar Theory 
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Figure 46. @smparisonm with Laminar Theory 
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Figure 47, Csmparissm with Laminar Theory 
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Figuke 48, Comparison with Laminar Theory 
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Figure 49. Comparison with Laminar Theory 







Figure 52, Fluctuation Measurements 
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Figure 67. Chapman Correlation Dependen- on xo 







Figure 70. Curla Correlation Depondenc& on xa 






