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ABSTRACT 

This thesis describes an experimental study of hypersonic 
flow separation performed in a gun tunnel. Separation of both 
laminar and transitional boundary layers resulting from interaction 
with either an incident oblique shock or a wedge compression-corner 
are investigated over the Mach number range 7.4 to 14.5 by means 
of schlieren photography and pressure and heat-tranSfer measure-
ments. Results from both conical and contoured nozzles are 
compared and the effect of conicity on the separated flow shown to 
be small. The concept of incipient separation is clearly supported 
and shown to be strongly dependent on Mach number. A criterion 
for the detection of incipient separation in hypersonic flow is 
suggested on the basis of heat transfer measurements. A simple 
order of magnitude analysis of hypersonic incipient separation is 
proposed and the predicted importance of the hypersonic small 
disturbance similarity parameter and the viscous interaction 
parameter confirmed by the available data. The principle of free 
interaction is shown to be valid in hypersonic flow and the plateau 
pressure characteristic of fully separated flows correlated over 
the Mach number range 2 to 16 in terms of the viscous interaction 
parameter. Satisfactory step-by-step boundary layer pitot traverses 
in the separated region are shown to be possible in the running time 
of the gun tunnel. The length of the separated region is shown to be 
crucially dependent on the location of transition relative to the 
reattachment region. The Reynolds number dependence of both 
incipient separation and the length of separation is shown to display 
opposite trends for laminar and transitional boundary layers. The 
available experimental data are correlated to demonstrate the three 
regimes of behavior - ^f laminar, transitional and turbulent boundary 
layers. 
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NOTATION 

Symbols 

C 	constant in viscosity-temperature relation. (defined by 
oo  C

_  ) 
co 

C* = C evaluated at the reference temperature. 

Cf 	skin friction coefficient. 

Cp 	pressure coefficient. 

Cp 	specific heat at constant pressure. 
0 

I 	stagnation enthalpy. 

L 	flat plate length ahead of hinge line. 

Lm 	Mach line length defined by Equation (4. 10) 

Lw 	length scale of corner flow compression process. 

length of separated layer. Lsep 
M 	Mach number. 

Mn 	nominal free stream Mach number. 

(Pr  - P2)/(P3  - P2) 

Pr/p3  

e2190 
Pr 	Prandtl number. 

p 	pressure. 

Pn 	free stream static pressure at leading edge. 

P02 	pitot pressure. 
1 2 pu 

4 	heat transfer rate. 

Re 	Reynolds number 

T 	Temperature . 

T
* 

reference temperature defined by Equation (4.28) 

u 	velocity in x-direction 



v 	velocity in y-direction 

w 	stagnation enthalpy ratio 	- 
- I2 

wm 	value of w in dead-air region. 

x 	distance along plate measured from leading edge. 

y 	distance normal to plate. 

flap angle for incipient separation. 

deflection angle of boundary layer at separation. 

angle of incidence of shock generator. 

compression-corner flap angle. 

11(M2 - 1) 

ratio of specific heats. 

boundary layer thickness. 

boundary layer displacement thickness. 
y 

 
boundary layer momentum thickness. 

length scale of free interaction. 

viscosity. 

kinematic viscosity = IT,11  

defined by Equation (3.23) 

density. 

shear stress 	
(u) 

122 
viscous interaction parameter 

11 

a. 
1 

as 

as g 
aw 

13  

8 

8*  

11 

e 

V 

T 

M 34 C  
Rrte; 



Subscripts 

0 	undisturbed conditions just upstream of interaction. 

1 	initial conditions in barrel. 

2 	outside free shear layer. 

3 	downstream of reattachment. 

4 	initial driver conditions. 

oo 	free stream. 

aw 	adiabatic wall. 

c 	at the corner on the wedge compression-corner. 

d 	in the dead-air region. 

e 	at the outer edge of the boundary layer. 

f.p. 	flat plate. 

i 	incipient separation. 

j 	on the dividing streamline. 

p 	plateau 

r 	reattachment point. 

s 	separation point 

t 	total or ' re se rvoir' conditions. 

tr 	transition 

w 	wall 

12 



13 

1 	- INTRODUCTION 

The problem of flow separation is of fundamental importance 

in aerodynamics as, in general, its occurrence represents the most 

significant departure of the flow field from the design configuration. 

If the optimum design performance of any aerodynamic device is to be 

realised, then sufficient knowledge of the nature and behaviour of 

separation must be acquired such that its occurrence can be prevented 

or controlled. With this knowledge it is possible that at hypersonic 

speeds controlled regions of separated flow may be used deliberately 

for the purpose of reducing any intense local heating rates that are 

encountered. 

Flow separation results primarily from the inability of the 

boundary layer to penetrate into regions of adverse pressure gradient. 

Pressure gradients severe enough to cause boundary layer separation 

in supersonic flow most frequently result from the presence of shock 

waves. These may be reflected from the boundary layer as in an 

internal compression intake or generated from within the boundary 

layer by a sudden change in the surface slope, as exists in the case 

of a deflected control surface or at the junction between a cylindrical 

body and conical flare. 

Much work has already been done in the supersonic regime. 

Theoretical work has been developed to describe with some accuracy 

the flow field in the separated region at low supersonic Mach numbers, 

but awaits reliable experimental data before its extrapolation to the 

hypersonic case can be tested. Many experimental studies have been 

conducted to provide design data for particular project configurations, 

and as such do little to improve the basic understanding of the 
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behaviour of separated flows. 

The purpose of this investigation was to perform basic experi-

ments as carefully as possible in the hypersonic regime, and to compare 

and contrast the results with existing supersonic data. The study was 

directed at laminar boundary layers as these would be expected to 

exist in the hypersonic, cooled-wall free flight case. The experiments 

were designed to isolate as far as possible the effects of the various 

influencing parameters. The phenomenon of incipient separation and 

the relationship between attached and separated flows were of particular 

interest. It was hoped to derive criteria for the prediction of incipient 

separation of the hypersonic boundary layer and to test the available 

methods for predicting the scale of the separated flow in terms of the 

parameters studied. 
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2 	REVIEW OF PREVIOUS LITERATURE 

Early investigations into shock wave-boundary layer interaction 

stemmed from the study of aerofoils at high subsonic Mach numbers; 

for example by Liepmann (1946) and Ackeret, Feldmann and Rott (1947). 

The first observation of interaction between the boundary layer and an 

internally generated oblique shock was made by Czarnecki and Mueller 

(1950) on a flapped aerofoil at M = 1.62. 

The interaction between an incident oblique shock and the flat 

plate boundary layer was studied by Barry, Shapiro and Neumann (1951) 

at M = 2 and by Liepmann, Roshko and Dhawan (1951) at M = 1.5, the 

latter authors finding that the most significant parameter was the state 

of the boundary layer, that is to say whether laminar or turbulent. 

The laminar boundary layer almost always separated ahead of the shock, 

the upstream influence extending for 50 to 100 boundary layer thicknesses, 

whereas the turbulent boundary layer always remained attached with 

very little upstream influence. Further evidence of the different 

behaviour of laminar and turbulent boundary layers was provided by 

Johannesen (1952). 

Attempts to correlate the available data on separation were 

made by Donaldson and Lange (1952) and Lange (1954) in terms of 

and Rex. 	Cp
erit. was defined as the peak pressure coefficient Cp

erit, 
in turbulent separation ahead of a step and as the plateau pressure 

coefficient appearing in various laminar separations. In general, 

was found to decrease with increasing Rex. Cperit. 

It was shown by Schuh (1955) that the pressure coefficient up 

to the separation point for turbulent separation, referred to as the 

critical pressure coefficient for separation, was independent of the 
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means of provoking separation. Love (1955) commented that the 

pressure rise up to the separation point could not be considered to be 

that causing separation and proposed instead the peak pressure rise 

ahead of a step or the minimum overall pressure rise with separation. 

In a comprehensive study of shock-boundary layer interaction 

over the Mach number range 1.5 to 4, Holder, Pearcey and Gadd (1955) 

presented data for incident shocks and wedges on a flat plate in three 

groups, classified according to the state of the boundary layer as 

laminar, transitional or turbulent. An important observation was the 

way in which the size of the separated region grew with changes in free 

stream conditions. For fixed shock strength and free stream Mach 

number, the length of the separated region was found to increase with 

increasing Reynolds number when the boundary layer was purely laminar, 

and to decrease when transition occurred between separation and 

reattachment. No apparent systematic variation of Lsep  with Rex  was 

found for the turbulent data. They further confirmed that Cps  and the 

pressure distribution around the separation point were independent of 

the agency provoking separation. 

Chapman, Kuehn and Larson (1956) studied separated flows 

over a variety of configurations at subsonic and supersonic Mach 

numbers up to 4. The most important single parameter was found to be 

the location of transition, the data being classified in the manner of 

that of Holder et al. A simple dimensional argument was proposed 

for the free interaction region which indicated that the local pressure 

rise would be proportional to the square root of the local skin friction 

coefficient upstream of the interaction, i.e. Re xo 4  for laminar 

boundary layers. Experimental data for the plateau and separation 

point pressure rises on four different model geometries at M = 2.3 
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were in good agreement with this prediction. Separation point, plateau 

and incipient separation pressure rises were clearly defined for the 

turbulent boundary layer and it was observed that whilst Cp
s and Cp 

were independent of the downstream configuration, Cpi  was strongly 

dependent on the downstream geometry. As had been initially shown 

by Bogdonoff and Kepler (1955) for turbulent boundary layers, the 

incipient separation pressure rise could be considerably greater than 

the plateau pressure rise. 

Separation of the laminar boundary layer in hypersonic flow 

was observed by Ridyard and Fetterman (1956) in a study of a flapped 

aerofoil at M = 6.9. A separated region was visible for some flap 

angles and the associated pressure distributions displayed a plateau. 

Chapman, Kuehn and Larson (1958) later published a more 

complete version of their earlier work, with the emphasis on the 

influence of transition. In addition to the previous work a theory for 

predicting the dead-air pressure inside the separation bubble was 

presented for leading edge separation on the compression corner. 

The simple dimensional analysis of the free interaction region referred 

to in the earlier paper showed that Cp 	(Cfoi p . Correlations 

of Cp
s 

and Cp verified this result over the range of M from 1.5 to 

4 and Rex  from 1.2 x 104  to 1.2 x 106. 

Gadd (1957) presented an analysis of the free interaction based on 

the two layer method of Stratford (1954). In this the boundary layer 

is divided into an inner sublayer in which the viscous forces are 

assumed to predominate and an outer inviscid layer in which the 

profile undergoes very little change from the constant pressure profile. 

The self-induced pressure field at the wall was assumed to be related 

via the simple wave flow relations to the deflection of the external 
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stream by the thickening sublayer. This assumed that the pressure was 

constant along normals. When the sublayer thickness was assumed to be 

very small compared with the total boundary layer thickness, implying 

that the Reynolds number was large, an expression for Cps  identical 

to that of Chapman et al. was found. 

The first work to be directed specifically at the incipient 

separation phenomenon was conducted by Kuehn (1959) on two-dimen-

sional turbulent boundary layers using both sharp and flared com-

pression corners and incident shocks. Evidence of separation was 

given by shadowgraph pictures and by the appearance of a 'knee' in 

the pressure distribution. Incipient separation was taken as the point 

where the knee in pressure was about to become visible as the free 

stream Mach number was decreased. In general, (pi/p0) was found 

to increase as M increased, particularly strongly on the curved 

surfaces, and decrease as Rex was increased. The influence of Rex 
appeared to decrease as the radius of curvature of the flare was 

increased. When (pi/1a°) was exceeded, the separated region was 

observed to grow continuously for all models except the curved surfaces 

on which a sudden discontinuous jump in Lsep and also hysteresis 

were evident. 

The interaction between an incident oblique shock and the flat 

plate laminar boundary layer at M = 2 was investigated in detail by 

Hakkinen, Greber, Trilling and Abarbanel (1959). A simple analysis 

of the flow up to separation based on a 'lifted-layer' model of Gadd's 

analysis was proposed. It was assumed that the undisturbed boundary 

layer profile was lifted off the wall by a sublayer of negligible 

momentum. The quadratic sublayer profile, obtained by integration 

of the momentum equation applied at the wall, was matched to the 
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'lifted' profile which was assumed to be linear in the region of 

matching. The pressure field was again related to the rate of sub-

layer thickening. This resulted in an expression for Cps  of the same 

form as that of Chapman et al.. A similar expression differing only in 

the value of the constant was derived using the momentum integral 

equation and an extended Pohlhausen technique. An order of magnitude 

argument gave upper and lower limits for the plateau pressure. The 

experiment involved measurement of wall pressure and skin friction 

distributions as well as boundary layer velocity profiles through the 

interaction region. Skin friction was measured by a Stanton tube 

which was calibrated against a floating element meter under zero dp  dx • 
Cp

s 
was measured at the point where Cf

o 
= 0 and found to agree with 

the predicted value over the small range of Cfo  tested. A simple •
argument that Cpi  = 2 Cps  appeared to be borne out by the very 

limited data obtained. 

Gadd (1960) predicted theoretically that the pressure gradient 

at separation would be steepened and the extent of separation reduced 

by cooling the wall. This was partially confirmed with a heated flared 

cylinder model at M = 2 and (Twi Taw) = 2.1, but experimental 

imperfections present rendered the results inconclusive. 

An analysis of the free interaction region based on the Crocco 

-Lees .(1952) method was made by Bray, Gadd and Woodger (1960). 

Basically the Crocco-Lees method is a momentum integral technique 

in which the flow is divided into two regions, an inner dissipative 

region and an outer inviscid region. Friction, mixing rate and mean 

temperature correlation parameters are expressed in terms of a mean 

velocity parameter and are determined from existing exact solutions 

or from experiment. These parameters are used to satisfy the 
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momentum integral equation and an additional equation relating the 

outer inviscid stream conditions to the rate of boundary layer growth 

via the simple wave flow relation. For the flow beyond separation it 

was originally assumed that the velocity in the dead-air region was 

zero and that the outer profile was of the same shape as that at 

separation. Bray et al. used the lower branch solutions of Stewartson 

(1955) to describe the reverse flow in the separated region. The 

results for the pressure distribution were in qualitative agreement 

with the experiment although a drop in pressure in the separated 

region was found. A Pohlhausen type of solution of the same problem 

gave results differing little from those of the Crocco-Lees method, 

from which it was concluded that the much greater complexity of the 

solution of the latter method was not justified. 

Glick (1962) applied the Crocco-Lees method to the shock 

-boundary layer interaction problem, taking the solution through to 

reattachment. The mixing rate parameter downstream of separation 

was determined from a single experimental case at M = 2.45 and Re/in 

= 6 x 104. A calculated example at M = 2 and Re/in = 2.3 x 105  was in 

good agreement with experiment but the conditions were not far from 

those under which the correlation parameters were determined. An 

example was calculated for M = 5.8 and Re/in = 105  but no data were 

available for comparison. 

The available separation data were extended to higher Mach 

numbers by Sterrett and Emery (1960) using forward facing steps. 

Laminar, transitional and turbulent separation was studied with 

various step heights at M from 3 to 6.5 and Rex  from 0.5 x 106  to 

x 106. Both natural and forced transition were employed, the state of 

the boundary layer being determined by unfocussed shadowgraph 
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pictures and velocity profiles. 	Cp
s 

and Cp for laminar and 

transitional separation were plotted against M and found to be in 

agreement with the predicted trends, but the magnitudes were below 

those indicated by an extrapolation of previous data. Reynolds 

number appeared to affect the pressure gradient at separation, but 

not the peak pressure level ahead of the step. 

Kuehn (1961) extended his earlier work on incipient separation 

to turbulent separation on a cylinder-flare model with a variety of 

nose shapes. The data for a given flare angle were found to correlate 

to 	 increasing with 

increasing M and decreasing Reynolds number. The effect of wall 

temperature was investigated qualitatively at M = 3 by cooling the 

model. At a value of 	w of .36, L 	was reduced to about half the Taw 	sep  
value at adiabatic wall conditions. Curved flares were again observed 

to result in much higher values of a. than the conical flares. 

The first separated flow data to come from intermittent 'cold' 

facilities were obtained by Wood (1961) using spiked cones at Mach 

numbers of 7 and 10 in the Imperial College gun tunnel, and by 

Michel (1961) using a variety of ogive-cylinder-flare bodies at Mach 

numbers of 7 and 11.7 in an adiabatic compression gun tunnel. In 

both studies values of Cp. were estimated from schlie ren photographs 

of shock angles. Despite the wide scatter of the data of Michel, the 

trend was in broad agreement with an extrapolation of the data of 

Chapman et al. At M = 10 Wood found an incipient separation 

boundary which indicated that Cpi  6 Cps  . 

>>Further evidence that C . 	Cp 	was provided by Sterrett 

and Emery (1962) in a study of turbulent separation ahead of wedge 
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and curved compression corners at M between 4.8 and 6.5. The data 

were correlated in terms of the effective Reynolds number based on 

the length between transition and the start of the interaction. In this 

way, both forced and natural transition data could be correlated. In 

general, Cp. was found to increase with a decrease in effective 

Reynolds number at constant M. As had been observed before, curved 

surfaces in general permitted higher values of C 

The effect of wall cooling on laminar separation was investigated 

by Lankford (1961) at M = 6.8 on an axisymmetric compression surface. 

It was found that the extent of separation was reduced by wall cooling, 

but since the boundary layer was transitional in the reattachment 

region the results were inconclusive. 

Further data on the effect of wall cooling were provided by 

Ferguson and Schaeffer (1962) in a study of separation on a cylinder 

-flare model at M t 5. Pure laminar separation was observed only 

for a flare angle of 10°  and Rex < 2.6 x 106. All other data were 

transitional. The length of separation was found to decrease with 

increasing unit Reynolds number, decreasing flare angle and wall 

cooling. No appreciable reduction was observed until (T
w/Taw) was 

reduced below about 0.5. 

Incipient separation of the laminar boundary layer was studied 

by Kuehn (1962) on a variety of cylinder-flare bodies at M up to 4. 

As with the previous turbulent data, the results were found to correlate 

to Mi  and Rea°  for fixed flare angles and a variety of nose shapes. 

In general, a. was increased as the Mach number was increased and 

Reynolds number decreased. 

Hypersonic separation of laminar boundary layers was studied 
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in detail by Bogdonoff and Vas (1962) using a wide range of model 

configurations at Mach numbers of 10 to 20 in helium. The flows were 

classified as wedge, cavity or mixed type according to the manner in 

which separation and reattachment were effected. The two-dimensional 

wedge-type separated data were obscured by leading edge viscous 

interaction effects. 

The important practical effects of flow separation on hypersonic 

vehicle and control surface characteristics were considered in the 

extensive review of Kaufman et al. (1964). 

A method of predicting the scale of a wedge type separated 

flow was given by Cooke (1963). Basically this was an extension of 

the analysis of Chapman et al. to the case of non-zero initial boundary 

layer thickness. Cooke evaluated the distribution of velocity along 

the dividing streamline from the momentum integral equation assuming 

sinusoidal profiles. The reattachment relation of Chapman et al. was 

used, but reattachment was assumed to be made half-way up the final 

pressure rise. A comparison of the predicted separated length with 

the experimental data of Ginoux (1960) for laminar flow over a backward 

facing step was in good agreement. 

Abbott, Holt and Nielson (1962) presented an analysis of free 

interaction using the integral forms of the continuity, momentum, 

moment of momentum and energy equations, representing the velocity 

profiles by quartics. The pressure was assumed constant across the 

layer and related to the inclination of the streamline at the outer edge 

of the boundary layer by the Prandtl-Meyer relationship. Reasonable 

agreement with supersonic experimental data was achieved up to 

separation, the pressure rise to the separation point increasing with 

decreasing Reynolds number and increasing Mach number. The 
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effect of wall cooling was to reduce the length scale of the interaction 

without affecting the separation point pressure rise. Downstream of 

separation poor agreement with experiment resulted, the pressure in 

the bubble falling well below the experimental plateau. The effect of 

wall cooling gave the anomalous result of the flow being heated by the 

cold wall. Experiments (Abbott et al. 1963) conducted on a cylinder 

-flare body failed to provide conclusive support for the predicted 

trends, although the effect of wall cooling was seen to reduce the length 

of separation. 

Lees and Reeves (1964) pointed out that the separation velocity 

profiles are not properly represented by polynomials and proposed 

instead the one parameter family of velocity profiles given by the 

Cohen and Reshotko (1956) similarity solutions. The upper branch 

solutions were used for attached flow and the lower branch solutions 

for reverse flow. Both the momentum integral and moment of 

momentum integral equations are used. The complication of solving 

the thermal energy integral equation was avoided by representing the 

enthalpy profile in terms of the same parameter as that describing 

the velocity profiles. Good agreement with experiments at low 

supersonic Mach numbers was achieved. 

Pressure distributions over a wedge compression corner at 

M = 8 and various values of unit Reynolds number were presented by 

Kaufman (1964). The effective flat plate Mach number was varied by 

mounting the model at incidence. The boundary layer was always 

transitional which gave rise to the result that the separated length was 

unchanged by an increase in Reynolds number. Cooling the wall to 

Tw = 0.4 had no observable effect, but as the tests were performed 
Taw  

at a large model incidence at which the corner shock was detached, 
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the results were quite inconclusive. 

The wedge compression corner was also the main subject of a 

study of hypersonic separation produced by deflected control surfaces 

made by Miller, Hijman and Childs (1964) in the Boeing Hotshot tunnel. 

Most of the data were obtained at M = 16 and, within the very appreciable 

scatter, the plateau pressures appeared to agree with an extrapolation 

of supersonic data. The length of laminar separation was found to 

increase with increasing unit Reynolds number, which was wrongly 

stated to be opposite to the trends of previous laminar data at supersonic 

Mach numbers. The anomaly lies in the confusion between laminar and 

transitional data present in much of the earlier work on laminar 

boundary layers. 

Transitional separation on the wedge compression corner was 

studied by Pate (1964), with emphasis on the effect of varying the flap 

span. In general, the length of separation was reduced by an increase 

in Reynolds number and by a reduction in the flap span, although for 

separated regions of aspect ratio greater than 2 to 3 this latter effect 

was insignificant. 

Further transitional data was obtained by Sterrett and Holloway 

(1964) at M = 6. Heat transfer in the separated region was found to be 

reduced below that for attached flow when the boundary layer was 

laminar whilst the reverse was true for turbulent layers. Transitional 

separation was indicated by an increase in heat transfer in the separated 

region from below to above the attached flow value at the transition 

location. 

Gray (1964) attempted to study the behaviour of laminar 

separation on a variety of axisymmetric bodies at Mach numbers from 

3 to 8, but the criterion used to determine whether the separation 
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was laminar or transitional was based on schlieren observations. This 

led to the confusion between laminar and transitional data and the ano-

malous conclusion that the extent of both laminar and transitional 

separation was increased by a reduction in Reynolds number. This 

behaviour was claimed by Gray to be incompatible with the observations 

of incipient separation of Kuehn (1962) who had shown that the tendency 

to separate decreased with decreasing Reynolds number, and in con-

sequence Gray rejected the concept of incipient separation. 

Kuehn (1965) has recently attempted to extend the laminar 

incipient separation data into the hypersonic regime using cone-cylinder 

-flare bodies in an arc-heated air stream at M = 15. Pressure 

measurements on the cylinder indicated an abrupt pressure rise ahead 

of the flare, which moved forward as the flare angle was increased. 

The rate of movement was increased when the flare angle exceeded 35°, 

which Kuehn took to be indicative of incipient separation, but this 

result must be considered only qualitative. 
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3 	SUPERSONIC SEPARATED FLOWS 

3.1 	GENERAL CHARACTERISTICS 

The classification of separated flows as wedge or cavity type 

according to their geometry has been suggested by Bogdonoff and Vas 

(1961). The wedge type flows are those in which both the separation 

and reattachment points are free to move, in general being made at a 

small angle to the wall, whilst the cavity flows have separation and 

reattachment fixed at the lips of the cavity. Step flows are described 

as mixed flows having either wedge type separation and fixed, cavity 

type reattachment or vice-versa according to whether the step is for-

ward or rearward facing. A further important general distinction is 

that the overall pressure rise across the system is positive for wedge 

type flows and zero for those of cavity or mixed type. In the present 

work only wedge type separated flows are considered. 

When a boundary layer in a supersonic stream meets a region 

of adverse pressure gradient, such as that imposed by the impingement 

of a shock wave, or a sudden deflection of the wall as depicted in Fig.1., 

the pressure rise, which occurs as a sudden jump in the inviscid free 

stream, feeds forward through the subsonic region of the boundary 

layer, referred to here as the sublaye r, slowing down the low momentum 

fluid near the wall and causing the boundary layer to thicken. The 

thickening deflects the fluid in the mainstream adjacent to the boundary 

layer and compresses it. This self-induced pressure rise will also 

tend to thicken the boundary layer, the process continuing until equili-

brium is reached when the pressure rise has fed forward far enough 

for the resultant pressure gradient to be balanced by the shear forces 

at the wall. 



/.‘ac' 7 
/ cpc,  

INCIDENT SHOCK 

Cf 

x 

COMPRESSION CORNER// 

Pw  

x 

Hat plate 

\\ \ \ \-\\ \ \N 	\ \\\ \ 	\\.\\\\\\\\ 	\ 

28 

FIG. 1 	SUPERSONIC INTERACTION WITHOUT SEPARATION 
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The velocity profile in the boundary layer is modified in passing 

through this region and 

	

	at the wall is decreased. On reaching the 
6y 

corner, the sublayer is turned abruptly to follow the wall, but the higher 

momentum fluid in the outer part of the boundary layer is less easily 

deflected and tends to impinge onto the deflected surface, 'squashing' 

the sublayer and reducing the boundary layer thickness. The same 

process occurs in the incident shock case in that the fluid in the boundary 

layer is deflected forwards the wall in passing through the shock and 

the resultant re-impingement onto the surface thins the layer. The re-

sult of this thinning process is that the velocity profile is 'squashed' 

vertically and -°-11- at the wall increases again, the profile reverting to 

the typical attached profile downstream of the interaction. 

The pressure at the wall commences to rise as the boundary 

layer thickens upstream of the interaction, the pressure gradient 

increasing to a maximum value in the neighbourhood of the corner or 

shock impingement point. Beyond this point the pressure continues to 

to rise whilst the gradient falls again to zero, the final pressure level 

being attained downstream of the region of minimum boundary layer 

thickness. 

The skin friction is reduced below the flat plate value as the 

pressure rises, reaches a minimum value in the region of steepest 

pressure gradient, and rises again downstream of this until the final 

pressure level is attained, where the skin friction regains its flat 

plate variation of x 2 . 

If the overall pressure rise imposed by the shock or com-

pression corner is sufficiently large then thepressure gradient cannot 

be penetrated by the low momentum fluid in the sublayer and the velocity 

( profile degenerates until , 3u 	is reduced to zero at some point, the 
coy w 
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boundary layer then separating from the wall. The general features 

of a typical region of separated flow are depicted in Fig.2. 

The pressure begins to rise some distance upstream of the 

separation point, where the pressure gradient reaches a maximum 

value and the skin friction falls to zero. Beyond the separation point 

the pressure gradient falls and, if the region of separation is large 

enough, L diminishes to zero and a 'plateau' is formed in the pressure 
dx 

distribution. The free shear layer, formed by the departure of the 

boundary layer from the wall, reattaches to the wall either by natural 

impingement onto the wedge surface or by being turned towards the 

wall in passing through the incident shock. The boundary layer is 

thinned by the reattachment process and a strong compression fan is 

generated, the wall pressure rising steeply to its final value. In general 

the pressure downstream of the reattachment region reaches a peak 

value in excess of the inviscid wedge value, subsequent readjustment 

to the final value being effected by the reflected wave system emanating 

from the intersection of the separation and reattachment shock waves. 

The skin friction is negative beyond the separation point due to the 

reversed flow in the separation bubble and falls to a minimum value 

before rising to zero again at the reattachment point, reaching a max-

imum value at the end of the reattachment compression process. 

When the separated region following a wedge type separation 

is large enough to display a plateau in pressure, the flow in the neigh-

bourhood of the separation point has been found by Chapman et al. to 

represent a 'free interaction' between the boundary layer and the 

external stream. The interaction is free in the sense that it is inde-

pendent of the downstream agency responsible for provoking the 

separation. Equilibrium is reached between the boundary laye r 
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thickening and the self-induced pressure rise and the flow locally is 

dependent only on the conditions in the flow upstream of the interaction. 

Downstream of the separation point the outer edge of the boundary layer 

continues to curve away from the wall, eventually becoming straight as 

the pressure in the bubble asymptotes to the plateau level. 

3.1.1 	The free interaction region 

A simple order of magnitude argument was proposed by Chap-

man et al. (1958) to indicate the dependence of the pressure field in the 

free interaction region on the main variable parameters, Rexo  and Mo. 

They assume that the pressure at the wall is generated by the deflection 

of the external inviscid stream due to the increasing displacement 

thickness. Applying the linearised theory for supersonic flow, they 

write 

P - P 0  

go 

2 

 

A42  _ dx 
o 	 ....(3.1) 

Order of magnitude considerations are applied to Equation (3.1) to yield 

P - P 	6*  

X 1M 7- 1 	 ....(3.2) 

where X is a length characteristic of the streamwise extent of the 

interaction, as depicted in Fig.2. Strictly speaking, Equation (3.2) 

should be written as 

- Q 	(8*  - O*0 ) 

X,VM2  - 1' 
	 ....(3.3) 



ay w 
Equation (3.5) is considered to be applied locally in the region of the 

separation point, then the last step in (3.6) is reasonable, although 

any characteristic boundary layer thickness could have been used. 

The assumption that ..,1- 	ti0 —Tw ,where T w  is the variable wall oy w 	5  
shear, is quite unfounded in that at separation, where 

d 
dp 
—x and hence 

ra il 	
are at maximum values, iw  itself is zero. However, if 
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Equation (3.2) implies that 6' >> So , which is really only applicable 

at the downstream end of the interaction, in which case the pressure 

rise is that to the plateau, (pp  - pd. 

The viscous flow is represented by the boundary layer momentum 

equation 

au au dp aT -puK + 	+ 
dY dx oy 

....(3.4) 

applied at the wall, where the assumption of negligible di-3  is reasonable 
dp 

because the streamline curvature in the neighbourhood of a straight wall 

will not be significant except, perhaps, locally at the separation point. 

Hence (3.4) becomes 

dp _ (a -r 
dx F )w ....(3.5) 

which places emphasis on the viscous forces in the low-velocity sub-

layer. Again, the order of magnitude of the terms in Equation (3.5) 

are examined to give 

P - P 0 	Tw wo  
...(3.6) 5 	5* 
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The validity of this last step has been confirmed by examination 

of available experimental data. In general, the shear stress is given 

by 

)= 	 ....(3.7) 

hence, 

 

32) Ilw 	w  
w 8) 

but, at separation 0, 

   

and hence 

w 
2 u  a u 

r-w () ycr w  • • • ( 3  9) 

The variation of across the boundary layer at different 

stations in the free interaction region has been determined from the 

experimental velocity profiles obtained by Hakkinen et al. at M = 2, 

and is sketched in Fig. 3. The two profiles obtained in the region of 

adverse pressure gradient were taken from unseparated flows close to 

incipient separation. The expected form of the limiting separation 

point profile is indicated by the dotted line in Fig.3. From this it is 

evident that 
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and hence, 

C~yJw — 0 [E.o 3.11) 
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Chapman et al. conclude by mutliplying together Equations (3.2) 

and (3.6) to give 

1 

	

Cf 2 	 1 1 

	

P - Po... 	o 

	

,, 	 1 	,--, ( N42 _ l) -4-. 	Rex-07- (M.:2) - 1) - -T 
qo 	' o 

....(3.12) 

Experimental data for the separation and plateau pressure co-

efficients, Cp
s 

and Cp ,based respectively on the pressure rise to the 

separation point (p
s 

- p o ) and the pressure rise to the plateau (pp - po ), 
1 	2 were found to correlate well to Rexo4  (Mo - 1) --4- over the range of 

Similar expressions to (3.12) were obtained by Gadd (1957) and 

by Hakkinen et al..Michel (1961) proposed a modification to the analysis 

of Hakkinen et al., suggesting that the assumption of a predominantly 

linear streamwise pressure distribution might be replaced by one 

physically more realistic i.e.; 

Cp(x) 	x2 	 ....(3.13) 

This resulted in a smaller value for the constant in the expres- 

sion for Cp. Michel further proposed that, from experimental evidence, 
s 

it seemed reasonable to assume Cp = 2 Cp
s
, and obtained better agree - 

ment with the date of Chapman et al. 

1.2 x 104 < Rexo < 1.2 x 106 and 1.1 < Mo < 3.6. 
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Sterrett and Holloway have presented additional experimental 

data for Cp up to M = 8 and find that a better empirical correlation is 

obtained if the constant in Equation (3.12) is replaced by a term which 

is a function of M. 

The various expressions proposed for Cp
s and Cp can be 

p 
expressed as follows: 

Cp
s 

= A Re -4  (M2 
 - 1)-4  = B Cf 2  (M

2  
X0 o 	 0 0 

1 	
1 	 1 

Cp 	= C Re -4  (M2  - 1)-4  = D Cf 2  (M
2 

 xo o 	 0 0 

....(3.14) 

The values of the constants A, B, C and D are summarised in 

Table I, given in Appendix 1. 

3.2 	INCIPIENT SEPARATION 

If the shock strength is sufficiently low, then the boundary 

layer is not separated by the resulting pressure gradient. As the shock 

strength is increased, the pressure gradient steepens until the stage is 

( reached where —611 	and hence the local skin friction are brought to 
ay }w 

zero at one point only. Any further increase in the shock strength 

results in a steeper pressure gradient and the boundary layer is forced 

to separate from the wall. The boundary between the attached and 

separated flows is termed incipient separation. The incipient separa-

tion pressure rise is defined as the maximum overall pressure rise that 

can be applied to the boundary layer without promoting separation. 

3.2.1 	Detection of incipient separation 

The problem of detecting incipient separation is essentially that 

of finding some observable property peculiar to attached or to separated 
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flows, and then adjusting the strength of the interaction until this pro-

perty is just apparent. 

Kuehn (1959) has made use of the fact that a plateau in the pres-

sure distribution is indicative of separated flow and has taken the first 

appearance of a 'knee' or 'hump' in the pressure distribution to indicate 

the onset of separation. The direct observation of separation by the 

usual optical techniques is unreliable for very small regions of separa-

tion as the separation and reattachment regions tend to merge together. 

In addition to this, theunfocussed shadowgraph technique used by Chapman 

et al. and Kuehn results in such distortion of the flow field in the inter-

action region that interpretation of the flow pictures is made even more 

difficult. 

The only 'direct' determination of incipient separation by 

observing when the skin friction is reduced to zero at a single point 

was made by Hakkinen et al.. The skin friction was measured by a 

Stanton tube previously calibrated directly against a floating-element 

skin friction meter under zero pressure gradient conditions. 

A criterion for detecting incipient separation based on heat 

transfer measurements has been found in the present study and is 

described in Section 4.3.4. 

3.2.2 	Previous studies 

An estimate of the incipient separation pressure rise was made 

by Hakkinen et al. in a simple argument based on their experimental 

observations. They proposed that at incipient separation the pressure 

rise to the separation point was principally due to the self-induced 

thickening of the boundary layer ahead of the shock impingement point 

and would therefore be the same as that for separation occurring well 
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upstream of the shock. They further assumed that both the thickening 

and thinning of the boundary layer and the pressure distribution were 

symmetrical about the shock impingement point, from which it was 

concluded that 

Cpi  = 2 Cps 	 ....(3.15) 

The small amount of data obtained in their experiments appeared 

to confirm this. 

Erdos and Pallone (1961) contended that the boundary layer must 

separate if subjected to a pressure rise in excess of the separated flow 

Cp pressure rise, that is to say Cp. = p . They suggested that 

observations of Cp. greater than Cp were due to experimental inac-

curacies in determining incipient separation. Whilst the small amount 

of data then available concerning laminar boundary layers alone might 

have supported this view-point, the data for turbulent separation pro-

vided very strong evidence to the contrary. 

The important point here is that it is the magnitude of the pres-

sure gradient that determines whether or not the boundary layer will 

separate and this is dependent on the geometry of the system. Clearly, 

for a given overall pressure rise, the most severe gradient will be 

imposed by a step jump in pressure in the external stream such as 

occurs in the incident shock case. If the same pressure rise is achieved 

by a gradual compression process, by fairing-in the sharp compression 

corner with a radius, say, then the applied pressure gradient will be 

reduced, and for this reason alone we might expect the boundary layer 

to tolerate a larger turning angle before the pressure gradient becomes 

steep enough to cause separation. However, the effect of the curvature 

itself is to apply a normal pressure gradient across the boundary layer 
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due to the centrifugal forces arising from the streamline curvature. 

This has been shown theoretically by Murphy (1953) and Hayasi (1963) 

to result in an increase in the skin friction for a boundary layer under 

zero axial pressure gradient. Consequently it is reasonable to suppose 

that the diminishing of the skin friction by the adverse pressure grad-

ient on the concave compression surface is offset by the direct effect 

of the curvature itself and we would therefore expect the boundary 

layer on the curved surface to penetrate a steeper gradient than that on 

a flat plate. For these reasons we would expect Cpi  to be generally 

larger for curved compression surfaces than for wedge compression 

corners and also Cp.  to increase with increasing radius of curvature. 
1 

The experimental evidence in support of this argument is con-

fined to turbulent boundary layers, but there is no reason to expect the 

purely laminar boundary layer to behave in a fundamentally different 

manner. The data have been collected in Fig.4. to illustrate the point. 

Chapman et al. (1956) were the first to note the difference 

between the two dimensional wedge and concave, curved compression 

corners at Mach numbers up to 4. Later work by Kuehn (1959) and 

Sterrett and Emery (1962) on similar configurations substantiated the 

earlier results, the latter data extending to M = 6.3. Values of —Ps, 
Po 

EP and 13 are plotted against Mco  in Fig.4. for a variety of model 
Po 	Po 
configurations and various values of Reynolds number. The variation 

of Rex  is responsible for the broad spread of the data as no attempt 

has been made to correlate in terms of Rex , but the trends clearly 

demonstrate that, for all configurations, Cp. >Cp and that the ratio 

C 	Cp./ p increases with radius of curvature of the compression surface 

and also with M. For a given configuration, Gpi  decreases as Rex  is 

increased. 
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Kuehn (1961 and 1962) has extended the data for both turbulent 

and laminar boundary layers to the axi-symmetric case using cylinder-

flare bodies fitted with a variety of nose shapes. Incipient separation 

for a fixed geometry was detected by the first appearance of the knee 

in the pressure distribution as the free stream Mach number was 

decreased. The data for a fixed flare angle were found to correlate 

well when plotted as M. against ReR for all nose shapes tested. This 

is somewhat surprising as the nose shapes ranged from a sharp 10
o 

half-angle cone to a hemisphere. The fact that the local conditions in 

the stream adjacent to the boundary layer at the flare location could 

differ considerably from the free-stream conditions, depending on the 

nose shape and body length, was considered by Kuehn. The inviscid 

local flow conditions were evaluated and it was found that the data 

correlated equally well to these values. In general, the flare angle 

for incipient separation increased as the Mach number was increased 

and the Reynolds number decreased. 

The same trend for the effect of Reynolds number was observed 

by Wood at M = 10 on spiked cones. For constant free stream conditions 

it was found that the flare angle for incipient separation increased as the 

spike length, and hence Reynolds number to the corner, were decreased. 

3.2.3 	Influence of transition 

In a recent investigation of the length of laminar separation on 

a series of models similar to those of Kuehn (1962), Gray (1964) has 

found that the separated length decreases as the Reynolds number 

increases. Gray points out that this behaviour is incompatible with the 

observation of Kuehn, which showed that the laminar boundary layer 

became easier to separate as the Reynolds number was increased, and 

consequently rejected the concept of incipient separation. As is dis- 
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cussed in Section 3.3.3, it is believed that the anomaly lies in Gray's 

work and is due to the unobserved influence of transition in the reattach-

ment region. However, the influence of transition on the incipient 

separation phenomenon itself is of considerable interest. 

Consider now the flow over the sharp compression corner. 

Kuehn's observations have shown that for boundary layers which are 

fully laminar or fully turbulent ahead of the corner, the flap angle for 

incipient separation a., decreases as the Reynolds number is increased. 

In general, the turbulent boundary layer is able to withstand far more 

severe pressure gradients than the laminar boundary layer due to the 

higher momentum and higher sheer stress gradient in the fluid near the 

wall. Thus a. for the turbulent boundary layer is higher than for the 

laminar boundary layer. As separation is first initiated at the corner, 

clearly the location of transition relative to the corner is of fundamental 

importance in the behaviour of the boundary layer near incipient 

separation. 

Transition from a laminar to a fully developed turbulent profile 

occurs over a finite distance, and this 'transition length' in,:reases 

significantly with Mach number. If the start of the transition region is 

located downstream of the corner, then we would expect behaviour 

typical of the laminar boundary layer, in that if the flap angle was set 

just below that for incipient separation, either a small increase in the 

flap angle or a small increase in Reynolds number would promote 

separation. However, if the Reynolds number was close to the trans-

ition value, such that the start of transition was only just downstream 

of the corner, then an increase in Reynolds number could cause the 

start of transition to move upstream of the corner. The resulting 

transitional profile upstream of the corner would be able to sustain a 
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higher pressure gradient than the laminar profile due to the re-energising 

of the fluid near the wall. Consequently the boundary layer would 

remain unseparated by the increase in Reynolds number and a further 

increase in the flap angle would be necessary to promote separation. 

If the Reynolds number were now increased still further, the start of 

transition would move further upstream from the corner and the flap 

angle for incipient separation would have to be increased continuously 

until transition started early enough for a fully developed turbulent 

boundary layer to exist upstream of the corner. We would then expect 

a maximum value of ai  to have been reached in that if the Reynolds number 

were now increased still further the behaviour would follow that typical 

of the turbulent boundary layer and a. would be reduced. 

There is very little experimental evidence in support of this 

argument. Moreover, no single investigation has been able to cover 

a sufficiently wide range of Reynolds number to observe the three regimes 

of behaviour on the same model. However, Kuehn (1961 and 1962) has 

obtained correlations of the values of a. for both laminar and turbulent 1 
boundary layers on geometrically similar, axi-symmetric models over 

a range of Mco from 2 to 4. A single example of transitional behaviour 

on a model geometrically similar to one of those used by Kuehn, namely 

a flared cylinder with a 10° half-angle, sharp conical nose, was observed 

by Gray at M = 4. When investigating the influence of unit Reynolds 

number on the length of 'laminar' separation it was found that the length 

was decreased as the Reynolds number was increased until, when tran-

sition was located ahead of the corner, the boundary layer did not 

separate. The two values of Reynolds number for which the boundary 

layer was either unseparated or just separated bracket the incipient 

separation point. These data are plotted as ai  against Reoo  in Fig.5., 
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together with the correlations of Kuehn. It will be seen that the value 

of a. of Gray lies between the extrapolated laminar and turbulent values 

of Kuehn at the same Reruo  . 
	Furthermore, the tendency for the boun-

dary layer to become attached with increasing Re
oo 

is in opposition to 

the trends of the laminar and turbulent data and indicative of transitional 

behaviour. 

Further evidence of the contrasting behaviour of laminar and 

transitional boundary layers has been found in the present study and is 

discussed in Section 4.3.4,3. 

3.3 	LENGTH OF SEPARATION 

From the practical viewpoint the importance of the separation 

phenomenon lies in the resulting departure of the flow field from the 

design configuration. In order to assess the effect on the loading of 

a lifting surface, for instance, the scale of the separated region under 

given flow conditions must be predicted. 

Once a wedge type separated flow has been established, the 

whole geometry of the separated region is determined principally by 

the reattachment process. The separation point moves upstream until 

the fluid just outside the dividing streamline, which is being accelerated 

by the free shear layer, has attained sufficient kinetic energy to carry 

it through the pressure rise imposed by the reattachment process. At 

the same time, the flow in the neighbourhood of the separation point 

adjusts so as to satisfy the free interaction relationship discussed in 

Section 3.1.1. The fluid on the dividing streamline is just brought to 

rest at the reattachment point at a pressure somewhere between the 

plateau pressure and the final overall pressure. The fluid beneath 

the dividing streamline has insufficient energy to negotiate the re- 
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attachment process, a balance between the mass reversed and the mass 

scavenged from the bubble by the mixing process being simultaneously 

satisfied. 

3.3.1 	Prediction of the length of separation 

Since the length of the free shear leayer is determined princi-

pally by the reattachment process we must first consider the nature 

of reattachment. Chapman et al. (1958) proposed that, for the fluid 

outside the dividing streamline to be able to overcome the reattachment 

pressure rise and pass on downstream, its total pressure, pt, must be 

greater than the static pressure, pr , at the reattachment point. Thus 

mustthe total pressure on the dividing streamline 	be equal to pr . 
PtJ 

Assuming the compression process in the reattachment region to be 

isentropic and the static pressure to be constant ( = pd) across the 

shear layer, they write: 

Y 

= 	1j  P 
, 	Y - 1 ,2 y - 1 

• + 2 	 Pr t Pd 
....(3.16) 

where M. is the Mach number on the dividing streamline. 

If the dead-air temperature, Td, is equal to the recovery 

temperature, Taw, ( = Tt2  for Pr = 1), the Mach number on the 

dividing streamline is related to the corresponding velocity, u., by 

the Busemann isoenergetic integral of the energy equation to give: 
2 

....(3.17) 

where subscript '2' refers to conditions at the outside edge of the free 

shear layer. Substituting this in Equation (3.16) results in an expres- 

(11:1
) M 2 2  

u2  



sion for the reattachment pressure ratio of the form: 

where 4). 	= 1-11-1 
112  

Pr 
Pz 

and p2  = 

1 Y- 1 	2 + 	M2 2 y- 1 

1 	+2 

pd. 

2 M2  ( 1 - 
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....(3.18) 

When 	 a the Crocco integral, 

for Pr = 1: 

u2  C T + —2 = C
p 

T
d 

+ —
u2 

C
p 

( T
t2 

- T
d
)
] 

- 	

2 2 M2 4)j  

T 
 (1 _ 4).) 	y

2 	
2  1 m 	. 	1 	\ 
2 ` 

A 
rj 1/4 	

4J)1 

2  

which on substitution in Equation (3.16) results in 

to give: 

....(3.19) 

....(3.20) 

Pr 
p2 

 

4)) 	
y22  

T 
M 4). + 4:sj 

2 	J 	2 j 

 

....(3.21) 

 

11_1d 	 _ . cp. %) 	Y- 
2 

 M22 r 
	4)j• ( 1  - 	• (1).3 ) T

2 
 1/4 + 

     

as given by Wood (1961).. 

In  	necessary 
2 	P2  

to satisfy the reattachment relation (3.21) can be determined. In order 

to find the length of the separated region the velocity distribution along 

the dividing streamline has to be found. 

Chapman et al. (1958) considered the case of leading edge 

separation by making use of the earlier analysis of Chapman (1949) of 

the laminar mixing of a uniform main stream, having zero initial 

boundary layer thickness, with a region of air at rest. It had been 

shown that the velocity profiles in the mixing region were similar and 



49 

that the velocity ratio on the dividing streamline was always given by: 

4)j  = 0.587 	 ....(3.22) 

assuming a linear viscosity - temperature relationship. The values of 

4. obtained when the viscosity was assumed to be given by µ 	.76 differed 

only slightly from this value. Equation (3.22) was substituted in Equation 

(3.18) to evaluate the dead-air pressure for the case of leading edge 

separation assuming p
r 

= p3. The predicted effect of Mach number 

and the independence of Reynolds number were verified experimentally 

over a range of Mach numbers from 1.3 to 2 and Reynolds numbers, 

ReL' from 3 x 103  to 1.5 x 104. 

Brower (1961) has used Equations (3.18) and (3.22) together with 

the inviscid shock relations to predict the geometry of leading edge 

separation on a wedge compression corner. Values of the separation 

angle were computed for various values of free stream Mach number 

and wedge angle. The upper and lower limits of aw  for which leading 

edge separation was possible were determined by the inviscid relations. 

Insufficient data were available to establish the viscous limits for 

leading edge separation to occur. 

Wood observed that although Equation (3.22) was strictly true 

only 	 r the 

case where bs  was finite would start from zero at the separation point 

and assymptote to the value u. = .587 far downstream where the effect 

of as  would be negligible. Equation (3.21) was evaluated for a range of 

values of M2 and 7-1
Td
-- assuming ui  = .587 to show that the reattachment 

Pr 2  pressure rise 	was very sensitive to the value of Td . An increase p2 	 Pr in Td resulted in a considerable decrease in 	 Wood demonstrated P . 2  
this effect experimentally using a heated spiked cone. When the wall 
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temperature was increased from 300oK to 700
o
K on a model where 

separation was located fairly near the tip of the spike the separation 

angle increased causing reattachment to be made at a smaller angle 

and hence smaller I . 
P2  

This behaviour is essentially the same as that resulting from 

an imposed change in the reattachment conditions. Consider the case 

of a wedge compression corner in which separation takes place a finite 

distance from the leading edge, and the boundary layer thickness at 

separation 	 587 

If now a is increased, p
3 

and hence p
r 

will be increased. 

If the separation angle remains the same thenwill have increased 
P2  

and, to satisfy Equation(3.21) 4 must increase. Thus the length of 
:1 

the separated layer must increase. This could be effected by either 

an increase in the separation angle or a movement of the separation 

point forward or both. But the flow in the neighbourhood of the separa-

tion point has to satisfy the free interaction relationships (3.14), from 

which it will be seen that an increase in Cp ,and hence a
s
, requires a 

reduction in Rexo, if M
o remains constant. Consequently the only 

possible behaviour is for the separation point to move forward, re- 

ducing Rexo  , whereupon as will be increased and L.  decreased until 
Pr 2  

L
sep has increased sufficiently to generate a terminal value of 4)i  corn- 

patible with the resulting value of p,  
p2 

When the separation point has moved close to the leading edge 

it is possible that the free interaction relationships are no longer valid, 

but the mechanism governing the size of the separated region is still the 

same as that described above for the case where the separation point 
Pr is free to move. The increase in — resulting from an increase in P2  

aw  is met by an increase in as , which results in a decrease in Pr 
P2 
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and, if sufficiently large, a simultaneous increase in 4i  due to the 

associated increase in L
sep 	

When 
Lsepis 

 long enough for 47i 	.587 

the only possible mechanism is an increase in a s to achieve compati- 

bility between M2 and Pr  . 
p2 

The problem of determining the velocity distribution along the 

dividing streamline for a uniform stream with an initial boundary layer 

thickness flowing over a region of air at rest has been analysed by 

Cooke (1963), using a momentum integral method. Sinusoidal velocity 

profiles are used to describe the flow above and below the dividing stream-

line in terms of 4).. The momentum integral equation is applied for 

zero pressure gradient and constant external velocity to both the fluid 

above and below the dividing streamline, on which the condition of 

continuity of shear stress is applied. The resulting equation is solved 

for I), in terms of 	, where 

( 3 . 2 3) 

and n = 
0

the ratio of the momentum thickness before and after 

separation. Values of Si. were plotted against log10  by Cooke and 

are included in Fig.6. for reference. 

The value of n for laminar boundary layers was obtained from 

the expression given by Kirk (1959) for a small expansive turning angle 

a02' 

+ 
n= 1+ ( 	1 	Ho)  p 	a

02 ....(3.24) 

where p = 41m02  - 1 and H is the ratio of displacement to momentum 

thickness. Kirk neglected powers of a
02 

higher than the first and to 
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FIG. 6 	THE VELOCITY RATIO ON THE DIVIDING STREAMLINE 
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this order Cooke suggests that Equation (3.24) should be applicable to 

small compressive turning angles with the sign of a02 changed. 

A simpler expression for n was given by Nash (1962); 

_ 	 01Po uM2 n 
p2  u2  M2  

....(3.25) 

but this assumes the velocity profile to be 'full' and is therefore more 

relevant to turbulent boundary layers. 

For the wedge type separation ahead of a compression corner, 

a
02 

( = a s) can be evaluated from the free interaction relations (3.14), 

together with the Ames Shock Tables (1953), knowing the local conditions 

upstream of separation. Thus n can be estimated from equation (3.24) 
Lsep and 	 can then be determined once 4:o. and the corresponding value xo 	 J 

of 	are known. 

ment Pr  relation (3.21) is to decide on a value for —. 	Experiments have 
P2 

indicated that the reattachment point occurs about half-way up the pres- 

sure rise curve although the exact determination has been possible in 

very few cases. Nash has introduced a reattachment parameter N, 

where N is given by: 

All that remains before 4).
J 
 can be estimated from the reattach- 

and this has been assumed to be 1 /2  by Cooke. Nash has suggested 

from experimental data the mean value of .35 for turbulent boundary 

laye rs. 

Chapman et al. assumed that pr  = p3, which amounts to taking 

N = 1, but observed that this was an approximation and that, in general, 

pr would be below p3. Chapman et al. also suggested that an additional 
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factor might be included in Equation (3.16) to express the efficiency of 

the reattachment process relative to the assumed isentropic compres-

sion. 

We are now in a position to estimate the separated length for 

the wedge compression corner. The procedure would be as follows: 

1. Make an initial estimate of Lsop  to give a starting value of xo. 

2. From Equations (3.14) and knowledge of Rexo, Mo, To  and Tw, 
p2  T2  v2 u2 M2 _ evaluate 	 s , n and a23 , using the 
Po ' To  ' To. ' uo  ' 	

, as 
 

oblique shock relations. 

3. Knowing M2  and a23  determine P3  and hence Pr using a suit- 
P2 	P2 

able choice for N (= z  say). 

4. From equation (3.21), knowing M2  and T2  and assuming 

T d  = Tw  evaluate ctoj . 

5. From Cooke's curve of 4)i 	
log10 

 , ( F ig . 6) , determine 
Lsep v 2 uo 
x v u n2  
o o o 

6. Knowing v2  uo  
vo u2 n

2 from 	Lsep obtain  xo   from -, • 

7. This value of L  —Pse must be compared with the starting value xo  
obtained from the known geometry and a new value of xo chosen. 

The correct solution for Lsop  is obtained by iteration. 

In accounting for the effect of dead air temperature on Pr 
P2 

Cooke has followed Carrie re and Sirieix (1961) in assuming that the 

enthalpy distribution across the mixing layer was analogous to the 

variation of 4:)2  (T)) . If the stagnation enthalpy, I, is written as: 

I = w 12 
	 ....(3.27) 
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w is assumed to be given by: 

w (1) = wm + 
4 

2  (1) ( 1  - wm) 	 ....(3.28) 

where wm  is the value of w in the dead air region where 4)= 0, and w=1 
Pr 

where 4=1. This leads to an expression for — P2 of the form: 

1 
P r 	= 	 2 2 	  y- 1 

1(y- 1) Mz  (1)i  

Denison and Baum (1962) have presented a solution to the same 

mixing layer problem starting with a Blasius velocity profile. When the 

results for 4 are compared with those of Cooke they are seen to differ 

considerably. Cooke has repeated his own Pohlhausen analysis using 

quartic polynomials and has found little difference from the results 

obtained with the sinusoidal profiles. The good agreement obtained 

by Cooke when comparing his results with various experimental data 

for laminar flow over backward facing steps suggests that Cooke s 

values of 4) are the more reliable. 

Merritt (1964) has applied Cookes results to the flow over a 

backward facing step in hypersonic flow, but has used a different 

relation for. For the case where Td 
# T

aw 
Merritt has used 

P2 
the approximate relationship between temperature and velocity profiles 

given by Monaghan (1953); 

T T d 	Pr3 [Taw  - Tdi  u 
T 	

- Pr (Y -  1)1\4 2 (u 

2 	2 	
T 2 	u2 	2 	2 Y1.1-  ) 2 

....(3.30) 

p2  
wm  [1 + 1(y- 1) Md 

....(3.29) 



(3.21) reduces to: 

[1  

Y 2 

	

(Td( 	at.
J) 
 + 4).

3 
 )( + y2- l m/ 

	

Tt  \ 	T 

Pr 
P2 

1 

....(3.32) 
2 -2 	y- 

to determine Mi  in terms of M2  and 4.. Equation (3.30) reduces to the 

Crocco integral, Equation (3.19), for Pr = 1. 	This leads to an 

expression fOrof the form: P2 
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p
r = 

p2 
1 + ( 1 + Pr2  M 

M2 du 2 
2 	2 .j 

1 

[ Td  
( 1 - 

T aw 
 

   

P r 3  cly + Pr 3  

     

      

....(3.31) 

3.3.2 	Effect of Reynolds number 

The influence of a change in Reynolds number on the length of 

laminar separation can be seen qualitatively from the free interaction 

relation, Equation (3.14), and the reattachment relation, Equation (3.21) 

For this purpose it is more convenient to express Equation (3.21) in a 

different form. By writing 

T
Tt = 	1 	y

2 	2 
 1 m2 ) 

2  

2 i If M2  is sufficiently high, then the term in Ma  n Equation (3.32) 

is almost equal to 1, and can be neglected for the present purpose. 

Consider, for example, a wedge compression corner with a 

region of laminar separated flow. If the Reynolds number at separation 

is increase, either by increasing the free stream unit Reynolds number 
Td  

or by increasing the length of the plate, keeping the wedge angle and.7,— 
t 

constant, then, by Equation (3.14), the plateau pressure will be reduced. 
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P r  
If N = constant, 2  will be increased and the flow model predicts that 

Lsepwill increase since 4.  has to increase to satisfy the reattachment 

relation (3.22). 	In fact the Reynolds number increase also causes an 

increase in M2 since the turning angle at separation is reduced and 

this offsets the increase in 4).. The separation point moves forward 

until equilibrium is again reached and both Equations (3.14) and (3.22) 

are satisfied. 

The experimental evidence in support of this is again very 

limited. The increase in Lsep with increasing Reynolds number was 

observed by Holder et al. (1955) over a small range of Reynolds number, 

but the trend was seen to be reversed when transition finally moved 

ahead of the reattachment region. The recent hypersonic data of Miller 

et al. and that of the present study discussed in section (4.3.5.6.). also 

support the above argument. The data presented by Chapman et al. to 

demonstrate the effect of Reynolds number on laminar separation were 

not really representative as they were all cases of leading edge 

separation. 

3.3.3 	Influence of transition 

As the Reynolds number is increased the location of the tran-

sition point moves forward towards the leading edge. Whilst the transition 

point remains downstream of reattachment, the increase in Reynolds 

number causes an increase in Lsep  as discussed in Section 3.3.2., 

but once transition moves ahead of reattachment into the free shear 

layer the re-energising of the slower moving fluid due to the more 

efficient mixing enables the value of 4). to be attained with a shorter 

separated length. As the Reynolds number is now increased further 

the transition location moves nearer to separation and the length of 
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separation continues to decrease. If the wedge angle is higher than 

the turbulent value of ai  then the transition point will finally move 

upstream of separation and the length will have reached a minimum 

value. Any further increase will result in the behaviour typical of a 

fully turbulent layer, in that the length of separation will again increase 

with Reynolds number. If the wedge angle is less than a. for a turbulent 

layer then the separated region will disappear as transition moves ahead 

of the separation point . 	This is the type of behaviour observed by 

Gray and discussed in Section 3.2.3. Both the transitional and 

turbulent data of Chapman et al. support this argument. 

At low Mach numbers, since transition occurs fairly abruptly, 

it is usually obvious when transition has moved upstream of the reattach-

ment region in that a deflection of the free shear layer and an associated 

sudden rise in the pressure above the laminar plateau are observed. 

The latter observation was used by Chapman et al. to classify tran-

sitional data, whilst Gray used the criterion of the deflection of the 

shear layer boundary, previously used by Lee (1952). Both of these 

criteria become unreliable if applied to higher Mach numbers, due to 

the marked increase in transition length with Mach number. Potter and 

Whitfield (1960) have shown that indications of transition from schlieren 

photographs tend to be nearer the end of the transition region and it is 

therefore possible for transition to start in the free shear layer, and 

thereby influence L sep, without causing an obvious deflection of the 

shear layer boundary. 

Result obtained in the present study have thrown more light on 

this controversy and are discussed in Section 4.3.5. 
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4 	HYPERSONIC SEPARATED FLOWS 

	

4.1 	INTRODUCTION 

The problem of laminar boundary layer separation has long been 

considered to be only of academic interest. The advent of hypersonic 

lifting flight and the realisation that, in the typical high-altitude cruise 

environment, the cooled-wall hypersonic vehicle is likely to support 

predominantly laminar boundary layers, has turned the problem into 

one of great practical significance. The general inability of the laminar 

boundary layer to negotiate very high adverse pressure gradients, 

coupled with the use of deflected compression surfaces for control, and 

compression intakes for air-breathing propulsion, increase the likeli-

hood of flow separation. 

The phenomenon of separation in supersonic flow has received 

considerable attention, both theoretical and experimental, as has been 

demonstrated in the earlier chapters. Almost all of the experimental 

work has been limited to Mach numbers less than 6 and adiabatic wall 

conditions, whilst theoretical studies have been based on assumptions 

considered only to be valid at much lower Mach numbers. The stronger 

inviscid-viscous interactions in hypersonic flow and the possible pre-

dominance of the normal pressure gradient across the boundary layer 

could make extrapolation of these data to much higher Mach numbers 

and different wall temperatures very misleading. 

	

4.2 	EXPERIMENTAL WORK 

Earlier work by Wood (1961) had shown that separated flows 

could be successfully studied in the short running time of the hypersonic 
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gun-tunnel. Although Wood's measurements were confined to schlieren 

photography, the separated flow appeared to be steady, such that pressure 

and heat transfer surveys could be attempted provided that the instru-

mentation had a fast enough response. It was decided to study the two-

dimensional problem of wedge type laminar separated flows generated 

by both incident shock waves and wedge compression corners. The two-

dimensional case was chosen because of the greater optical sensitivity 

needed in the low density flow and because of the relevence to the hyper-

sonic ram-jet intake problem. Furthermore, it would be possible to 

make a comparison with a wider range of previous supersonic data. 

At the time of starting the present study there was a complete 

absence of data from directly comparable studies on laminar boundary 

layers above a Mach number of 3.6. It was planned to perform a 

systematic investigation over a range of Mach numbers from 7.5 to 15 

and to study, as far as possible, the influence of Reynolds number and 

wall-to-free stream temperature ratio. The degree of similarity 

between the incident shock and wedge compression corner models was 

to be investigated and an attempt made to construct as detailed a picture 

as possible of a typical hypersonic separated flow. 

Of particular interest was the incipient separation phenomenon 

and its dependence on the parameters studied. Criteria were to be 

sought to further define incipient separation and to enable the onset of 

separation to be predicted. 

4.2.1 	The hypersonic gun tunnel 

The tests were conducted in the Imperial College Hypersonic 

Gun Tunnel. Briefly, this facility consists of an intermittent, free- 

piston compression heater feeding a blowdown hypersonic tunnel. The 
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general layout of the facility is depicted in Fig. 7. 

The light aluminium alloy piston is driven by compressed air 

at drive pressures up to 2000 p.s.i.a. contained in a 4 cu.ft. capacity 

pressure vessel. The compression tube consists of a 20 ft. long by 

3.2 inch bore barrel, giving an initial test gas volume of about 1 cu. ft.. 

The drive vessel is coupled to the barrel via a double diaphragm rig. 

Primary diaphragms are of unscribed commercial grade aluminium 

sheet, whilst "Sellotape" is used for the secondary diaphragm at the 

nozzle end of the barrel. A 10° half-angle conical nozzle with inter-

changeable throat inserts provides nominal test-section Mach numbers 

of 7.5, 10 and 15, whilst a contoured nozzle provides a uniform flow at 

M = 8.2. All nozzles have an 8 inch exit-plane diameter giving a useful 

core of between 5 and 6 inches in diameter. The working section is 

of the open jet type with a 10 inch diameter diffuser. A full description 

of the facility in its original configuration was given by Stollery et al. 

(1960), whilst details of more recent modifications to the tunnel and its 

subsequent calibration have been reported by Needham (1963). 

The bore of the drive vessel neck is smaller than that of the 

barrel and acts as a baffle at the primary diaphragm station with an 

area ratio of 0.5. Under normal running conditions this fixes the 

stagnation pressure level at about 80% of the driver pressure. 

Running times depend only on the nozzle throat size and drive 

P4 	 P4 = 140 pressure ratio, 	, and vary from about 12 ms at M = 7.5 and — 
'1 	 P1 

to about 600 ms at M = 15 and - = 90. The starting process occupies P i   
approximately the first 8 ms of the run, after which the stagnation 

pressure remains virtually constant for a period of almost 30 ms, 

until the arrival of the reflected expansion head causes a reduction in 

pressure. The reflected primary wave arriving at the nozzle station 
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at about 50 ms after the start of the run is strong enough to disrupt a 

separated flow field, thereby putting an upper limit on the useful testing 

time, although in general, measurements are made during the period 

of constant pt before the arrival of the expansion head. 

The stagnation temperature has been estimated from running 

time measurements, barrel pressure records and from stagnation-

point heat transfer measurements. These values are plotted in Fig.8 

against drive pressure ratio for an initial test gas temperature of 

290°K. The mean curve through the estimated points has been used in 

subsequent calculations of free stream conditions. 

Values of free stream unit Reynolds number have been estimated 

assuming perfect gas isentropic expansion down the nozzle from the 

measured reservoir conditions, and are plotted in Fig. 9 against barrel 

pressure, for drive pressures of 2000 and 1000 p.s.i.g. and Mach 

numbers of 7.5, 10 and 15. It will be seen that for a fixed barrel pres-

sure, the increase in Reynolds number due to an increase in the drive 

pressure is offset to a large extent by the simultaneous increase in 

stagnation temperature. 	Unfortunately, simulation of both the same 

Tt  and Re finch at two values of M was prevented by the occurrence of 

transition at M = 7.5 and by an inadequate Tt  to avoid condensation at 

M =15. 

4.2.2 	Models  

The basic flat plate model was of 5 inch span and 8 inch chord 

ground from stock "gauge plate. 4 	 The leading edge was ground at a 

10° bevel angle and honed to a sharp edge. The leading edge thickness 

measured by travelling microscope was 0.0008" ± .0002". Deterioration 

of the leading edge due to erosion by particles contaminating the air flow 
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b) Compression corner model 

FIG. 10 
	

MODELS 

66 



67 

was countered by careful lapping with a fine oil-stone. The incident 

shock was generated by a similar plate mounted above the flat plate on 

a variable incidence sting. The latter was designed so that the shock 

generator could be moved vertically and axially independently of the 

incidence. The shock impingement point could thus be adjusted and 

the relative position of the plates set so that the shock from the leading 

edge of the flat plate did not reflect back onto the rear of the plate. 

A typical installation of the incident shock model in the working section 

is depicted in Fig. 10(a). 

The compression corner model, shown in Fig. 10(b), was 

basically similar to the flat plate model in that the span and leading 

edge configuration were identical. The chord length from the leading 

edge to the hinge line was 6 inches and the full span flap had a chord of 

4 inches. The hinges permitted a maximum flap deflection of 30° and 

were provided with miniature screw jacks to facilitate accurate align-

ment of the plates along the hinge line. During tests, the hinge line 

was sealed from the underside with wax or 'plasticene'. 

For the heat transfer models, thin film platinum gauges with 

silver painted leads were applied to a pyrex glass insert embedded in 

the surface of the plate. The gauges were typically 0.040" wide by 

long spaced at inter vals of 0.1" along the centre -line of the model. 

A number of gauges were located at 	off the centre-line for checking 

the two-dimensionality of the flow. 

For the pressure measurements, tappings of 1 /16" diameter 

were spaced at intervals of 0.1", staggered in three rows running 

along the centre-line and Tlf " either side of it. At four stations tappings 

were positioned at 0.75" and 1.5" either side of the centre-line for 

checking the span-wise distribution. 
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During tests, the models were fitted with side curtains extending 

vertically downwards along the edges of the plates to prevent inter-

ference of the upper surface flow due to outflow from the high pressure 

region underneath the model. 

After preliminary tests with schlieren glass side plates it was 

decided that the degree of two-demensionality was worsenned when the 

side plates were fitted and the tests were consequently conducted without 

them. Details of further tests with side plates are given in Section 

4.3.5.2. 

4.2.3 	Instrumentation 

The heat transfer gauges are used essentially as thin film 

platinum resistance thermometers to measure the surface temperature 

during the run. The gauges are coupled into a Wheatstone bridge 

circuit and the out-of-balance voltage due to the change in resistance 

of the gauges with temperature is amplified and fed into an electronic 

analogue circuit which, in effect, solves the thermal diffusion equa-

tion to give the heat transfer rates as a function of time. Full details 

of the theory and development of the electronic apparatus have been 

reported by Holden (1964). 

Pressure measurements were made using unbonded strain 

gauge diaphragm transducers. Three commercial types were used, 

namely the Solartron NT4-313 0-30 p.s.i.a. and 0-15 p.s.i.a., the 

C.E.C. 4-326 0-10 p.si.a. and a Statham type 222 0-10 p.s.i.a. As the 

flat plate pressures to be measured at M = 10 represented about 1% of 

the full range of the most sensitive transducers available, these were 

far from ideal for the tests. However, care was taken to calibrate 

as accurately as possible over the range covered in the tests, and the 
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communicating volume kept as small as possible, within the limits of 

the model design, to minimise the response time. Direct mounting of 

the transducers into the model was considered, but with the large 

diaphragm size of 0.625" diameter and the desired tapping spacing of 

0.1", this was not practicable. Moreover, with a total of 96 tappings 

on the compression corner model, rapid interchangeability of trans-

ducers to tappings was desired. It was decided to compromise at the 

expense of response time and to mount the transducers remotely from 

the model in a pedestal sting. By fitting the Solartron transducers 

into cylindrical mountings it was possible to standardise the body 

diameter to that of the C.E.C. type. Four cylindrical bays were 

milled into the sting to accept the transducers, which were embedded 

in foam plastic to prevent ringing due to mechanical vibration of the 

model. The transducers were linked to the model pressure tappings 

by means of 1/16" bore plastic tubing, the typical pipe length being 

3 to 4 inches. When not in use, the stub-pipes of the pressure tappings 

underneath the model were sealed with small caps made from heat-

sealed plastic tubing. The sting mounting of the pressure transducers 

is shown in Fig. 11(a). 

Recording of both heat transfer and pressure tranducer output 

voltages was made by Tektronix type 502 oscilloscopes using Land-

Polaroid cameras and film. 

Thepressure transducers were calibrated statically over the 

working range against a vacuum-referenced silicone oil manometer 

and over the range 0.1 to 10 mm Hg against a McLeod gauge. The 

output voltage was measured on a Cambridge potentiometer. The two 

ca.l.ibrations were remarkably linear and in good agreement. It was 

felt that with the 40 ms running time of the tunnel and the relatively 
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a) View showing the sting-mounted transducers 

b) Boundary layer probes and traverse mechanism 

FIG. 11 	 INSTRUMENTATION 
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slow pneumatic response of the transducers due to the remote mounting, 

a static calibration would be more representative of the test conditions 

than a dynamic calibration. 

The pitot probes used for traversing the separated flow region 

were fashioned from 1 mm bore stainless steel hype rdermic tubing. 

The probe inlet was rectangular in section and sharp lipped whilst the 

vertical stem was elliptical in section to minimise the interference. 

The bend between the horizontal part of the probe and the vertical stem 

was very carefully faired at the change in cross-section to minimise 

the frontal area. The probes were inserted into the separated region 

through small slots milled into the flap at the hinge-line. Up to three 

probes could be inserted together, spaced laterally at 0.375" intervals 

and at any desired spacing vertically. The three probes together could 

then be tranversed vertically and pitched to provide streamwise align-

ment by means of a traversing mechanism designed to occupy the space 

between the transducer sting and the model. A vernier scale was pro-

vided on the traverse gear for measuring the vertical movement. The 

traverse mechanism and probes are illustrated in Fig. 11(b), whilst 

the installation in the model can be seen in Fig. 11(a). 

4.2.4 	Flow visualisation 

Schlieren and focussed shadowgraph photographs of the flow 

field were taken at any desired instant during the run with a conven-

tional single-spark, single-pass optical system. The magnification 

of the system is 0.75 and the final image is recorded on a half plate 

camera using Ilford fast, blue-sensitive plates. 

High-speed cin6 schlieren has also been used to examine the 

steadiness of the separated flow and the results are discussed in 
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Section 4.3.5.1. The camera was a Fastax 16 mm running at 5,000 

frames per second and the light source a mercury vapour lamp operating 

on a 220 volt D.C. supply. 

In an attempt to improve on the resolution of detail in the 

separated region, colour schlieren was used. The spark source 

capacitor was increased to 1µF at 10 k.v. to provide a light intensity 

adequate, after passing through the background filter, to expose a 1" 

diameter image on Kodak 35 mm High Speed Ektachrome colour film. 

Filters were of the conventional three colour type made from gelatin 

mounted in glass. A light green background was used with Ilford 

Tricolour red and blue for the outer bands. The width of the back-

ground strip was varied between a  and 2 times the spark image dia-

meter to obtain the optimum sensitivity. The resulting picture quality 

was good and the detailed structure of the external flow field in the 

incident shock case much easier to interpret than with the black and 

white schlieren. However, no improvement in the resolution of detail 

within the separated region was observed. 

The short running time of the gun tunnel and the low wall shear 

stress in the separated flow render conventional surface flow visuali-

sation techniques ineffective. In an attempt to provide a technique 

with a faster response, dry talcum powder was used as the medium. 

The powder was blown onto the model from a distance of a few feet so 

as to leave a very fine film on the surface. After a run the powder 

was seen to have been removed from the regions of attached flow and 

to remain in the separated region. The technique was used to examine 

the influence of side plates on the two-dimensionality of the separated 

region, and for this purpose it was found to be very effective. Flow 

details which were clearly discernable were the separation line ahead 
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of a step, the outflowing streamlines when no side plates were fitted and 

the line of glancing interaction between the side-plate leading edge shocks 

and the flat plate boundary layer, as well as the strong vortex pattern 

generated when side plates were fitted. The correlation of these 

details with the schlieren photographs of the flow field was considered 

sufficient evidence to discount the possibility of any significant influence 

from the finishing process of the tunnel. These tests have been reported 

by Needham (1963). 

An alternative technique using small drops of low viscosity 

silicone oil applied to the surface of the model prior to a run was found 

to be effective only in the reattachment region, where a span wise 

reattachment line was indicated by the opposite direction of motion of 

the oil drops upstream and downstream of reattachment. 

4.3 	RESULTS AND DISCUSSION 

4.3.1 	Flat plate pressure distribution 

Typical oscilloscope traces of the pressure tranducer outputs 

are shown in Fig.12. At Mach 7.5 the Fiat plate pressure traces from 

both types of transducer used are compared with the free stream pitot 

pressure trace. It will be seen tnat the pressures are steady for a 

period of about 15 ms commen,:ing some 10 ms after the start of the 

run. Although the response of the C.E.C. gauges is much slower than 

that of the Solartron gauges, a steady reading is achieved and maintained 

for at least 5 ms before the end of the run. The difference in response 

time was due to a difference in the cavity volume in front of the dia-

phragms. The Solartron gauges were mounted with a gap of about 
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0.002" between the diaphragm and the housing whilst the C.E.C. gauges 

were manufactured with a gap of at least 0.020" and could not be modi-

fied. 

At a Mach number of 10, the flat plate pressure was only about 

0.06 p.s.i.a. so that the Solartron gauges were too insensitive to be used 

with any accuracy. A typical trace from a C.E.C. gauge is compared 

with the free stream pitot pressure trace in Fig.12. Although the 

response is again slow, this is offset by the longer running time avail-

able. The steady period of the run lasts for about 30 ms, following the 

10 ms occupied by the starting process. The static pressure is seen to 

reach a steady reading after about 25 ms and to maintain this for a 

period of about 15 ms before a slight decrease in pressure occurs 

due to the arrival of the reflected expansion head. 

4.3.1.1 	Flat plate in conical flow 

Pressure distributions obtained on the flat plate in the conical 

nozzle at nominal Mach numbers of 7.5 and 10 are plotted in Figs.13(a) 

and (b). Also plotted are the free stream static pressure in the test 

jet estimated from pitot pressure measurements and the assumption 

of isentropic expansion from the measured reservoir conditions. The 

overall scatter of the experimental points is ± 5% at M
n 

= 7.5 and ± 8% 

at M
n 

= 10. 

In order to compare the experimental data with the theoretical 

flat plate pressure distribution in a uniform flow, it is necessary to 

non-dimensionalise the pressure in such a way as to correct for the 

effects of conicity. Vas and Bogdonoff (1959) have suggested that the 

conical flow pressures might be normalised by the local free stream 

static pressure to account for the pressure gradient and write:- 
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(p 	 (p , _  
Poo uniform 	Poo conical 

....(4.1) 

Baradell and Bertram (1960) have suggested a method which involves 

the linear addition of a correction term due to the free stream static 

pressure decrement below the nose pressure, and write: 

(P 
 
co - Pn 	....(4.2) = 

\ f5co)uniform 	(T:n 'conical 	Pn 	conical 

This was found to give better agreement than Equation (4.1) when 

comparing blunt flat plate data in conical and uniform flow. 

In the present tests, the model was mounted 0.75" below the 

centre line of the nozzle and parallel to it. Consequently, in addition 

to the effect of the axial pressure gradient there is an increase in 

pressure due to the effective incidence of the stream relative to the 

plate. In order to account for the local streamline incidence the 

tangent wedge approximation has been used, together with the assump-

tion of a geometric source flow, to estimate an effective inviscid local 

pressure pc10  . This has then been substituted in place of the zero 

incidence p in Equations (4.1) and (4.2) to give: 
co 

(13 . (P 
' FT Poo uniform 	co conical 

....(4.3) 

and 
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Pri ) ....(4.4) 
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The theoretical pressure distributions have been calculated from 

the weak interaction theory given by Hayes and Probstein (1959) for 

T"' Pr = 0.725 using the appropriate values of T 
	

The resulting T co 
expressions for the pressure distribution, in terms of the hypersonic 

viscous interaction parameter X , are of the form: 

= 1 + AX + BX2 	 ....(4.5) 

where 5-c = Mao  and C 	µw T oo 
00 	

co 	11co 7,7/ 

and the coefficients A and B are dependent upon M and 
Tw co co 

The experimental data represented by the mean curves drawn through 

the points in Figs 13(a) and 13(b) have been non-dimensionalised by the 

expressions (4.1) to (4.4) and compared with the theoretical flat plate 

pressure distributions in Figs 14(a) and 14(b). Equation (4.4) is seen 

to account adequately for the effects of both incidence and streamwise 

pressure gradient, giving close agreement with the weak-interaction 

re suit. 

4.3.1.2 Flat plate in uniform flow 

As well as being used for providing a uniform flow at a Mach 

number of 8.2, the contoured nozzle was used to check the effect of 

conical flow on the separated flow measurements. By inclining the 

entire compression corner model at a suitable incidence to the free 

stream, uniform flow conditions could be generated on the flat plate 

which were equivalent to the local conditions upstream of the corner 

in the conical flow. 

Pressure distributions obtained on the flat plate at zero angle 

of attack and at an incidence of 3.5° are plotted in Fig. 15. Again, 

for comparison, the weak interaction pressure distributions are also 

ir300 
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plotted. It will be seen that a 'dip' occurs in the experimental data 

between 2 and 4 inches from the leading edge. This appears to be due 

to the focussing of disturbances from discontinuities in the nozzle con-

tour onto the centre-line and shows up as a marked local undulation in 

the measured pitot pressure distribution in the nozzle calibration. 

However, in the region of the proposed interaction, between x = 4" and 

8", the pressure is reasonably uniform and in agreement with the 

theoretical level for the wedge flow but is a little higher than the theory 

for the flat plate. This is probably due to errors in the measurement 

of the lower static pressures. 

4.3.1.3 Estimation of local conditions 

In order to correlate the separation data it is necessary to know 

the local 'free stream' conditions at the outer edge of the boundary layer 

upstream of the interaction. At low Mach numbers the difference 

between local flat plate conditions and true free stream values is 

insignificant, but as the Mach number increases the difference becomes 

larger due to the leading-edge viscous interaction. 

The local Mach number, Mo
, can be determined in three ways 

from combinations of thelocal pitot pressure, p02, the local wall static 

pressure, p0, and the free stream conditions Mco 
 , p

co 
 and pt ,(see 

Fig.l6). Mo
can be obtained directly from the ratio 130/p 

02 
 from values 

tabulated in the Ames tables. Alternatively, the local stream total 

pressure, pto  , can be estimated by assuming that air at free stream 

pressure p and Mach number M is compressed by a single oblique 
oo 	 co 

shock to the wall pressure pc). This value of pt  can then be used in 
0 

conjunction with either the local pitot or static measurements as 

P02/pt  or Po/p
to 

to give M
o
. 
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use of P_52 directly results in a 5% error in M for a 10% error in p
o P02 	 0  

whilst use of PO 2  results in an error of only 0.3% for the same error in p . 
Pt0  

Local conditions for the various test configurations have been 

evaluated from local pitot pressure measurements and are tabulated 

in Table II in Appendix 1. 

The important feature to note is that the use of the ratio P02  (p to  to  having 

been estimated from 122 and Mme) is the least sensitive to error in p
o. The 

Poo 
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In general, the three values of Mo  obtained do not agree, due 

to errors in thepressure measurements. To investigate this effect 

it has been assumed that the most likely source of error is in the local 

wall static pressure, which is the smallest measured. If this is so, 

then there should be a particular value of pc, for which the three 

estimates of Mo  agree. This is illustrated by the measurements made 

on the inclined flat plate in the Mach 8.2 nozzle. It will be seen from 

the values of Mo  plotted in Fig. 16, that when po  is reduced by some 

10% below the measured value the three estimates of Mo coincide. 

4.3.1.4 Boundary layer thickness 

In the schlieren photographs the boundary layer appears as a 

dark line at a small distance above the surface of the plate. This is 

because the schlieren system is sensitive to aP and, in the hypersonic 

boundary layer, the maximum density gradient occurs towards the 

outer edge. Pitot pressure traverses, described in Section 4.3.5.5., 

have confirmed at Mo = 9.7 that the outer edge of the dark line in the 

schlieren picture is very close to the outer edge of the boundary layer, 

such that it can be taken as a measure of the boundary layer thickness. 

Values of boundary layer thickness have been measured in this way 

from photographs taken under a varity of free stream conditions at 
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Mo  = 9.7 and are plotted in Fig. 17 as —5  against Re for three values x  

of T
t
.. Agreement with the theoretical behaviour of —5 	Re

x 
a-  is 

seen to be good. 

4.3.2 	Wedge compression corner 

Pressure and heat transfer distributions were obtained on the 

wedge compression corner model for a variety of flap angles. Most 

of the data were obtained in the conical nozzles at M
n 

= 7.5 and 10 

and the results have been presented non-dimensionalised by the flat-

plate (or zero flap angle) values. A comparison between the conical 

flow and uniform flow data, made possible by the more recently com-

missioned Mach 8.2 contoured nozzle, is given in Section 4.3.5.3. 

Both pressure and heat transfer measurements were made at Mo=9.7 

and Re/inch = 1.59 x 105  and are presented together with the corres-

ponding schlieren photographs of the flow field in the interaction 

region in Fig. 18. Pressure measurements and schlieren photographs 

obtained at Mo  = 7.4 and Re/inch = 3.67 x 105  are presented in Fig.19 

and schlieren photographs only at Mo  = 14.5 and Re /inch 5.0 x 104  are 

shown in Fig. 20. 

4.3.2.1 Unseparated flows 

When the flap angle is small enough , as in Figs. 18(a) and (b) 

19(a) and (b) and 20(a), the flow remains unseparated and displays none 

of the features characteristic of a separated flow. The flow pattern 

exhibits a single oblique shock wave appearing from the outer edge of 

the boundary layer downstream of the corner, and no apparent change 

in the boundary layer upstream of this. Downstream of the shock the 
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boundary layer is seen to thin gradually. At the higher Mach numbers 

the shock is curved concave due to the strengthening by the compression 

fan generated on the concave displacement surface formed by the 

boundary layer thinning along the wedge. 

The pressure distribution begins to rise a little upstream of 

the corner and reaches a maximum gradient at the corner or just 

downstream of it. A single point of inflexion is displayed and the 

pressure continues to rise until the final wedge pressure is reached. 

The slight subsequent fall-off in pressure observed in the a = 7.6°  
w 

case at Mo  = 9.7 (Fig. 18(b)) is due to the reflected wave system arising 

from the intersection of the compression fan with the shock. Both the 

maximum pressure gradient and the extent of upstream influence increase 

as the flap angle is increased. At Mo  = 7.4, transition occurs on the 

wedge, the resultant local thickening of the boundary layer causing an 

additional increase in the pressure just downstream of the point where 

the pressure initially levels off. 

The heat transfer falls below the flat plate value as the pressure 

commences to rise upstream of the corner. At the corner a cusp-like 

minimum occurs, followed by a steep rise in heat transfer which reaches 

a maximum a little downstream of the maximum in pressure. As the 

flap angle is increased the minimum value of heat transfer is reduced 

and the degree of upstream influence increased. 

4.3.2.2 Separated flows 

When the flap angle is increased beyond that necessary for 

incipient separation, the features characteristic of a separated flow 

become apparent. In Figs 18(c), 19(c) and 20(c) it will be seen that 

instead of the single shock typical of the attached flow, two shocks 

are now visible; one oblique shock appearing from the outer edge of the 
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boundary layer just upstream of the corner, and the second, a concave 

shock, starting just downstream of the corner. In between the two 

shocks the boundary layer outer edge is seen to be straight, but inclined 

away from the wall, bridging the corner. The boundary layer thins 

more rapidly in the reattachment region and a minimum or neck in the 

boundary layer thickness is formed beyond which the layer appears to 

thicken slowly. 

In Figs. 18(c) and 19(c) the pressure distribution is seen to have 

developed a 'knee' or kink just ahead of the corner. The maximum 

pressure gradient upstream of the knee appears to be the same as the 

gradient at the corner just before separation was evident. The pressure 

gradient downstream of the corner in the reattachment region is steeper 

than that in the separation region, and a peak value of pressure is 

reached downstream of the neck in boundary layer thickness. The pres-

sure drops beyond this due to the reflected waves emanating from the 

intersection of the separation and reattachment shocks. 

These features are maintained as the flap angle is increased and 

the separated region increases inlength. The separation shock moves 

further upstream of the corner and the boundary layer deflects abruptly 

away from the wall at this point to continue as a straight free shear 

layer before impinging onto the wall again downstream of the corner. 

The curved shock associated with the reattachment process becomes 

stronger and the thinning of the boundary layer more severe. 

The knee in thepressure distribution broadens out and the 

pressure level in the separated region increases as the flap angle is 

increased. At the largest flap angles tested, the pressure appears to 

have reached a plateau in the separated region. The pressure gradient 

in the reattachment region becomes increasingly steeper and the peak 
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pressure and subsequent drop to the final level more marked. 

The heat transfer is seen to undergo a change in form when the 

flow becomes separated. The sharp cusp typical of the attached flow 

broadens out and becomes smoothly curved. The heat transfer rises 

very steeply in the reattachment region and qualitatively follows 

closely the pressure field. The minimum heat transfer rate in the 

separated region continues to decrease as the size of the region increases. 

4.3.3 	Incident shock interaction 

The interaction between the incident shock and the flat plate 

laminar boundary layer was studied in the conical nozzle at Mn 
= 7.5 

and 10 and Reynolds numbers the same as those of the compression 

corner tests. The pressure and heat transfer measurements together 

with the correspondiig schlieren photographs of the flow field in the 

interaction region for Mo  = 7.4 and Re/inch = 3.67 x 105  are presented 

in Fig. 21. and those for Mo  = 9.7 and Re/inch = 1.59 x 105  in Fig.22. 

Heat transfer measurements and schlieren photographs are also pre-

sented for Mo  = 9.7 and Re/inch = 4.88 x 105  in Fig. 23. 

4.3.3.1 Comparison with compression corner 

The distinction between unseparated and separated flows in the 

incident shock interaction is not at all obvious from the schlieren 

photographs. The picture appears more complicated than that for the 

compression corner due to the process of reflection of the shock from 

the wall. In Fig. 21 (a) at Mo  = 7.4 and Figs. 22(a) and (b) at Mo  = 9.7 

the flow remains unseparated in that the pressure distribution rises 

continuously to the final value through a single point of inflexion without 



b) 	a 
sg 

= 2.4° 

0 

A  
Y 

P 
-r, 
r'f.p. 
ei 

....... 

Ilf.p. 0. 
0 

. 
• 

0 	0 

• 
. 	. 

. 	• 

O 9
. 

•• 

• 
• 

•• 
• 

.6, . 

5 
1 

A • . 

• 

6 
1 

.A 

• 

x 7 	inches 

P O 
f.p. 

(1 

A  Tf.p. 

• 
• • 
. 

0 	. 
•11A 

,,,,_,..• ..ri,• 	• 
 ALI 

f• 

••..• 
• 

• 
• 

5 
i 6 

J 
x 7 	inches 

FIG. 21 PRESSURE AND HEAT TRANSFER DISTRIBUTION IN THE INCIDENT 
SHOCK INTERACTION AT Mo = 7.4 AND Re/inch = 3.67 x 105. 

98 

3 

2 

1 

3 

2 

1 



A 

,., 	P 
L., 	—,, 

'lip. 
ei 

A 

 7•p- 

A 

• 
• 

. 
O 

•• 
• 
0 

o 
0 00 

• I 

• • • . 

. • 

5 
i________ 

t, 

6 x 7 inches 

99 

7 

6 

5 

4 

3 

2 

1 

FIG. 21 	Continued 



d) a
sg  = 5.3° 

0 0 00  

• 

0 0 

,.„ .... 

A 

P — 
Pf.p. 
41 7  

f.p• 

• 

• 

0 A4.•  . 

• 

• • :• 

. A '  

5 

. 
. 

. 	
. • 

.. 

6 x 7 	inches 

100 

7 

6 

5 

4 

2 

1 

FIG. 21 	Concluded 



• • 

•• 

• 

• 

0 

A 

P —r, rf.p.  
(1 7— 
-1.9. • 

• • 

• 

a 
a 

• 

0 4(4.fa64.  

0 
w• 

• 

•,• 

• 

a 

a 

5 6 

a 

x 7 1 inches 

a) asg = 2.2°  
4 

3 

2 

1 

101 

, • .. 

• 
Prirbar.-- 

• 

O Ln  (-4. 

A 	-Ligs 
-144 

dbt 

0 
• 

• • 
• A 

• A  
A 

• 

5 

n  
A 

6 

r 

x 7 	inches 

3 

2 

1 

b) a = 3.2°  1111 sg 1111111Mill...111110.111111111-  
FIG. 22 PRESSURE AND HEAT TRANSFER DISTRIBUTION IN THE INCIDENT 

SHOCK INTERACTION AT Mo  = 9.7 AND Re/inch = 1.59 x 105. 



1 0 	 

7 

6 

5 

4 

3 

2 

inches 

• 

c) 	a sg 
= 5.2° 

FIG. 22 	Continued 

102 



• 

0 

A 

P — Pi •p• 
'4 

f•p• 

. 

• 

• 
• 01 

• 
A 

s • 

• 

• 

• 

• • 

A 

• 

' 
• • 

• 

5 

• A  

• • 

A 
• 

• 

6 
I 

x 7 
1 

inches 

103 

7 

6 

5 

4 

3 

2 

1 

FIG. 22 	Concluded 



a) asg  = 2.3° 

104 

b) asg  = 3.4° 

FIG.23 	HEAT TRANSFER DISTRIBUTION IN THE INCIDENT SHOCK 
INTERACTION AT Mo  = 9.7 AND Re/inch = 4.88 x 105. 



d) asg  = 5.4° c) a = 4.3°  sg 

6 

A 
5 

4 

A 

A 
A 

1 A 	 

6 x 7 inches 

105 

A 

FIG. 23 	Concluded 



106 

displaying a 'knee', and the heat transfer minimum is again cusp-like. 

Downstream of the incident shock the boundary layer is reduced in 

thickness and two shocks and an expansion fan appear from its outer 

edge. A model of the interaction is proposed in Fig. 24 to identify 

the origin of the various observed features. The incident shock 

wave is propogated through the boundary layer along a curved path due 

to the Mach number gradient and is reflected at the outer edge of the 

sublayer. As the shock passes through the layer the streamlines are 

deflected abruptly towards the wall and an expansion fan is generated 

from the downstream side of the shock trajectory. The pressure rise 

imposed by the incident shock feeds forward through the sublayer 

causing it to thicken. The first of the two shocks downstream of the 

impinging shock arises from the focussing of the compression fan 

generated within the boundary layer by the thickening sublayer. The 

second of the two shocks is the reflected incident shock. The re-align-

ment of the deflected boundary layer flow parallel to the wall again 

thins the layer and generates a compression fan which strengthens 

and curves the reflected shock. 

As the strength of the incident shock is increased from 

P
3 

= 2.9 to p— = 4.2, as depicted in Figs. 22(a) and (b) at Mo = 9.7, Po  
the shockfrom the sublayer thickening moves forward relative to the 

shock impingement point, whilst still remaining downstream of the 

incident shock, thepressure and heat transfer distributions indicating 

that the flow is still unseparated. 

When the shock strength is high enough to generate a small 

region of separation, recognised by the knee in the pressure distri-

bution and the smoothing out of the heat transfer minimum as in 

Figs. 21(b) and 22 (c), the flow field also exhibits the characteristic 
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deflection of the boundary layer away from the wall and the associated 

oblique shock visible just ahead of the incident shock. The free shear 

layer is deflected back towards the wall on passing through the incident 

shock and the boundary layer thins more rapidly downstream of re-

attachment, generating a stronger reflected shock. 

As the shock strength is increased still further the similarity 

of the flow pattern to that on the compression corner becomes more 

obvious. The boundary layer separation point moves further upstream 

and the geometry of the flow in the neighbourhood of the separation and 

reattachment points closely resembles that in the compression corner 

for a similar overall pressure rise. The difference lies principally 

in the way in which reattachment is brought about, in that for the 

incident shock case the shear layer is turned towards the wall whilst in 

the compression corner the shear layer continues unimpeded to meet 

the deflected wall. For the same overall pressure rise, reattachment 

of the shear layer is made at the same angle relative to the wall. 

The pressure distributions obtained for the two cases did not 

display any particular differences either when attached or separated. 

As with the compression corner, transition occurs just downstream of 

reattachment for the stronger incident shock interactions at Mo  = 7.4. 

The heat transfer also appears to be basically similar in the 

two cases, although a slight difference in behaviour is evident in the 

separated region. As the size of the separated region increases, the 
q 

minimum value of 
qf.p. 

appears to remain at a nearly constant value 

once separation has occurred in the incident shock case, whilst in the 
(q 

compression corner (T 	continues to fall although at a slower 
f . p .)rnin 

rate than for the attached flows. 
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4.3.4 	Incipient separation 

The differences in the characteristic features of unseparated 

and separated flows, described in detail in Sections 4.3.2.1. and 4.3.2.2. 

for the wedge compression corner, lead immediately to a new criterion 

for the detection of incipient separation. The onset of separation 

indicated by the first appearance of a knee in the pressure distribution 

as discussed in Section 3.2.1., and the change in flow pattern from the 

single shock to the two shocks typical of separated flow is accompanied 

by a change in form of the heat transfer distribution from a cusp-like 

minimum to a smoothly curved minimum with a continuously changing 

gradient. This is illustrated more clearly in Fig. 25 where the pres-

sure and heat transfer distributions obtained for wedge angles from 

4.6°  to 15.3°  at Mo  = 9.7 are plotted for comparison. The same change 

in form of the heat transfer minimum accompanying the first appearance 

of a knee in the pressure distribution is evident in all of the cases 

studied, including the incident shock interactions, and in consequence 

can be considered to be an additional criterion for detecting incipient 

separation in hypersonic flow. 

The heat transfer criterion proposed here, and reported 

previously by Needham (1965), has been used to supplement the evidence 

of pressure measurements and schlieren photographs in the present 

study. The value of the criterion lies in the faster response and higher 

density of instrumentation possible with the thin-film heat transfer 

technique. In the very short running time typical of intermittent 

hypersonic facilities, such as the shock tunnel, these features will 

make the heat transfer criterion of more value than the equivalent one 

based on pressure measurements. 
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In order to obtain a more accurate estimate of the incipient 

separation configuration than is provided by the qualitative criteria des-

cribed above it is necessary to plot a measureable property peculiar 

either to attached or to separated flows and extrapolate to find the 

incipient separation condition. The most obvious parameter is the 

length of the dividing streamline in the separated flow, but the separa-

tion and reattachment points are too ill-defined in the schlieren photo-

graphs to make such a measurement feasible. However, as the 

separation and reattachment shocks are clearly defined in the hypersonic 

compression corner separation, a length which can be obtained with a 

reasonable degree of accuracy and which is a measure of the actual 

dividing streamline length is that of the straight free shear layer taken 

at the outer edge of the layer between the separation and reattachment 

shocks. This length, which will be denoted by L sep  in the present 

work will be zero for all of the attached flows until incipient separation 

is reached. Thereafter L sep  will increase from zero as a is increased. 

If L sep  grows continuously from incipient separation then a plot of 

L sep against a can be extrapolated back to intersect the a scale at 

a =• a1 	Lsep = 0. Values of Lsep  are plotted against the corres-

ponding values of a in Fig. 26(a) for the wedge compression corner 

under a variety of test conditions. The curves drawn through the points 

have been extrapolated to indicate a.. The accuracy of the method is 

such that the value of a. is obtained within about ± (7)  

In the incident shock case L sep  is defined as the length of 

straight free shear layer visible between the separation and incident 

shocks, but this need not necessarily extrapolate to zero at incipient 

separation. If the Mach number is high it is possible for a small 

region of separation to have formed and for the separation shock to 
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appear at the edge of the boundary layer downstream of the incident 

shock. 

It was observed in Section 4.3.3.1 that the heat transfer dis-

tributions in the separated region for the incident shock case behaved 

differently from those in the wedge compression corner. The minimum 
q 

value of 	appears to fall at a slower rate with increasing shock 
f.p. 

strength when the flow is separated. This suggests that another 

estimate of a
i 

may be made by plotting 	 against the angle 

of incidence of the shock generator, asg , and interpolating the two trends 

for attached and separated flow. This has been done for various test 

conditions and the data presented together with the plots of Lsep  versus 

a sg  in Fig. 26(b). The values of ai indicated by the two methods 

agree within less than z°. 

Once the values of ai  have been determined, the corresponding 
i 

values of P — have been estimated from the graphs of 	versus a 
Po 	 Po 

and asg  plotted in Fig. 27 from the experimental data. 

It is interesting to note that whereas simple inviscid theory 

predicts that when a = 2 a
sg 

the overall pressure rise in the two 

systems will be the same, the measured values of Th--; display an 
0 

appreciable difference. This is due to the boundary layer displacement 

effects, the actual angles through which the flow is turned differing by 

an amount. 

2  de) 	dEi 
[(dx f.p. 	(dx asg] 

which can become significant at hypersonic Mach numbers and small 

values of asg. 

w 
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4.3.4.1 Relation between incipient separation and separated flows 

Whilst the flow field at incipient separation displays all the 

characteristic features of an attached flow such that incipient separa-

tion can be rightly considered a limiting case of attached flow, it also 

represents the limiting case of separated flow. In this section this 

latter aspect will be considered and the relationship between incipient 

separation and separated flow examined. The indications of Fig.26(a) 

were that for the wedge compression corner at Mo  = 9.7, a. was close 

enough to aw  = 7.6°  for the data at this wedge angle to be considered 

representative of incipient separation. Whilst the discussion of this 

section relates specifically to the wedge compression corner at 

Mo  = 9.7 and ReL  = 0.95 x 106  the remarks apply in general to all of 

the cases tested. 

It can be clearly seen from Fig. 25 that for the two attached 

flows for which pressure measurements were made at Mo  = 9.7 both 

the pressure rise and the pressure gradient at the corner, labelled (1) 

and (2) in Fig. 25, increase as the wedge angle is increased. Once a 

small region of separation is formed at a = 1 0 ° three points of inflexion 

are apparent in the pressure distribution (only two of which are shown 

in Fig. 25), but it is noticed that the form of the pressure rise and the 

maximum gradient up to the first point of inflexion, (3), are both 

similar to those at incipient separation (2), when a = 7.6°. The heat 

transfer distribution also displays this similarity up to the inflexion 

point, (6) and (7), in the separation region. These features are re-

tained, up to points (4), (5), (8) and (9), as the separated region grows 

in size and the pressure in the bubble increases with increasing wedge 

angle. The similarity between all of the separated flows in the neigh-

bourhood of the separation point was also noted in the schlieren photo- 
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graphs. Both the deflection of the outer edge of the boundary layer and 

the angle of the separation shock remained ' sensibly constant as aw  

was increased from 10° to 15.3°. At incipient separation (Fig.18(b)) 

the single curved shock starts at the same slope as the separation 

point shock for the separated flows, (Figs. 18(c), (d) and (e)), but 

steepens further downstream as the deflection of the boundary layer 

increases. 

In order to study this apparent similarity more closely the 

pressure and heat transfer distributions for incipient separation and the 

separated flows have been superimposed, the relative location being 

determined by matching the schlieren photographs in the region of the 

separation point. These data are presented in Fig. 28. The close 

similarity of the pressure and heat transfer distributions up to the 

corner at incipient separation and up to the first inflexion point when 

the flow has separated is clearly demonstrated. The point of departure 

of the separated flow pressure distributions from that for incipient 

separation is denoted by S in Fig.28. The location of S is coincident 

with the corner for incipient separtion and, as separation appears to 

be initiated at the corner, it is reasonable to assume that S represents 

the separation point for the separated flows. Within the accuracy of 

the measurements the pressure distribution for all of the separated 

flows appears to start to follow the same curve beyond S, before rising 

steeply up to the reattachment region. For aw  = 15.3° the pressure in 

the bubble appears to have just reached a plateau where the pressure is 

equal to the inviscid pressure at the outer edge of the free shear layer. 

Unfortunately this aspect of the free interaction region, discussed in 

Section 3.1.1., cannot be verified for this particular combination of 

test conditions as pressure measurements were not obtained for a 

larger separated region. However, pressure measurements obtained 
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FIG. 28 COMPARISON OF PRESSURE AND HEAT-TRANSFER DISTRIBUTIONS IN 
THE SEPARATED REGION ON THE COMPRESSION CORNER IN 
CONICAL FLOW AT Mo = 9.7 and Re

L 
 = 0.95 x 106 
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in uniform flow at both Mo  = 7.4 and 8.2 extend to large enough separated 

regions to demonstrate this principle. These data have also been super-

imposed for comparison in the same way as the data for Mo  = 9.7 and 

are presented in Fig. 29. Again the similarity of the flows up to the 

separation point is demonstrated. 

These observations lead us to conjecture that the flow field ahead 

of the separation point, and ahead of the corner at incipient separation, 

is always determined by a balance between the local pressure rise and 

the sublayer thickening.. Beyond separation the flow field for all 

regions of separation commences to develop as in the free interaction 

typical of the fully developed separated flow, but diverges as soon as the 

influence of reattachment is felt. Downstream of the corner at incipient 

separation the flow behaves as the flow beyond reattachment in the 

separated cases in so far as Tw  will increase again from
/ 
 zero and the 
31.1 velocity profile revert from the separation profile with -j-y

-)
w  = 0 back 

to the typical attached profile. Thus at incipient separation the flow 

downstream of the corner can be considered as a lower limit of the 

reattachment flows. Without the evidence of velocity profiles in the 

reattachment region this is difficult to verify, but is broadly demon-

strated by plotting the reattachment pressure gradient, 
(—dCp) 
dx max. 

against a in fig. 30. From this it will be seen that the separated w   

flow data lie on a smooth curve which fairs into the incipient separation 

value. Also plotted in Fig. 30. is the pressure gradient at separation 

(dx
dCp) which emphasises the smooth divergence of the flow from incipient 

s 
separation. No evidence of instability or a discontinuous jump from 

attached to separated flow was found in the present tests. The con- 

tinuous movement of the separation point upstream from the corner is 

also indicated in Fig. 30. where the distance (xc  - Xs) obtained from 
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Fig.25. is plotted against aw. 

4.3.4.2 Prediction of incipient separation 

The observations of the previous section confirm the assump-

tion of Hakkinen et al., discussed in Section 3.2.2., that the pressure 

rise up to the point where separation was about to take place would be 

the same as the pressure rise up to the separation point when separa-

tion occurred well upstream of the incident shock. However, the 

assumption that the pressure distribution would be symmetrical about 

the shock impingement point, based on the observed symmetry of 

thickening and thinning of the boundary layer about this point is only 

valid at very low Mach numbers. The important feature is that the 

flow field and pressure distribution become increasingly asymmetrical 

about the shock impingement point or corner as the Mach number is 

increased. Since the disturbances from the thickening sublayer are 

propagated out through the boundary layer along Mach lines, as the 

Mach number is increased the point where the effect is first felt in the 

outer flow moves further downstream. The result is that the thinning 

of the boundary layer and the associated pressure distribution are 'dis-

placed' downstream with respect to the corner. This is clearly 

demonstrated by the data of the present study obtained at Mo  = 7.4 and 

9.7, which is plotted in Fig.31. The attached flow pressure distributions 

for various wedge angles are presented non-dimensionalied by the final 

pressure rise and plotted against x, the distance from the leading edge. 

Thus, instead of Equation (3.15) we could write: 

C = f(M) 	 ....(4.6) 
s 
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This is supported by the present data as is shown in Fig. 32., but a 

strong influence of Reynolds number is also evident. 

An estimate of the behaviour of hypersonic incipient separation 

may be made by extending the order of magnitude analysis of Chapman 

et al., discussed in Section 3.1.1. for the free interaction region, to 

incipient separation. Again we will apply the boundary layer momentum 

equation at the wall to give: 

dp _ 3T 
dx 	7}; 

....(4.7) 

Applying (4.7) at the corner and considering the order of magnitude of 

the terms, we can write:- 

Pi - Po  
Lw  

....(4.8) 

where L is the length scale of the attached flow compression process. 

When the Mach number is very high, the pressure distribution on the 

wedge compression corner is determined principally by the outer 

inviscid part of the boundary layer, the sublayer acting only to com-

municate the pressure upstream of the corner. If we consider the 

problem of an inviscid supersonic and hypersonic shear layer approach-

ing the wedge compression corner as depicted in Fig. 33(a), the turning 

of the shear layer parallel to the wedge surface will not occur as an 

abrupt deflection,but will be effected by a gradual compression occurring 

over a finite length. The problem could be solved by the method of 

characteristics if the shear layer Mach number profile was represented 

by a step distribution of M with the vorticity concentrated on the slip-

lines between the successive steps in M. The problem would start with 
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the determination of the initial 'data curve' for the characteristics net. 

If the deflection angle was not large, the data curve could be taken as 

the leading Mach line propagated from the corner and the compression 

assumed to be isentropic. The expected form of the 'inviscid' pressure 

distribution is indicated in Fig. 33(a). The presence of the viscous 

sublayer results in a fairing-in of the corner and an upstream influence 

ahead of the corner such that the pressure distribution is modified to 

the form indicated by the dotted line in Fig. 33(a). 

However, for the present purpose we wish to estimate the order 

of magnitude of the length scale Lw. It is reasonable to assume that, 

L 	L 
w m 

....(4.9) 

For small aw , Lm  is the axial length of the Mach line propagated 

through the inviscid shear layer from the corner, and is given by: 

m 

-1 where p = Mach angle = sin 

hence 	 Lm  

1 
— 
M 

= 

fo 
cotpdy 

0;) 

8 	2 
(M 

	
- 1)2  dy 

/ 

0 

....(4.10) 

....(4.11) 

The result that, for small aw, Lm  is independent of aw  is supported by 

the present data as can be seen from Fig. 31. Assuming that the hyper-

sonic boundary layer can be represented by a linear Mach number 

profile,   i.e. 

M  y 

0 

I ....(4.12) 
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6of 	M 2  
Lm = Mo 	(1

2
0  - 	)

2 
del 

0 

.... (4.13) 

Equation (4.11) becomes: 
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and for M0  large, this reduces to 

L 	L
w M 5 m 	 o 0 

substituting this in Equation (4.8) gives: 

Pi PO 	WO 

M o 6o 
....(4.15) 

Approximating the wedge pressure coefficient by the Newtonian hyper- 

sonic limit, Cp 	a2 , for small a, Equation (4.15) becomes 

 

a 	1\4.2 	Cf o o ....(4.16) 

and multiplying both sides by Mot and writing: 

 

    

Cfo 	x = 0.664g 	 ....(4.17) 

give s 

or; 

2 M 
3 / *' 

M a,) 	(3-SI C  
0 	 4Rex' 

1\4 a. 	X z  1 

....(4.18) 
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The experimental data obtained in the present study is seen to 

correlate well to Equation (4.19) in Fig. 34. Additional hypersonic data 

has been obtained from the results of Miller et al. (1964) and Stollery and 

Holden, the values of a. having been estimated by extropolating plots of 

(xc  - Xs) against aw to (xc  - xs) = 0. The empirical expression fitting 

the data of Fig. 34. is 

M a. = 80X a  
0 1 ....(4.20) 

where a. is measured in degrees. 

The behaviour of a. with increasing Mo  has been evaluated from 

Equation (4.20) for C* = 1 and ReL  = 104  and 106  and is plotted in Fig.35. 

In practice an upper limit to the applicability of Fig. 35 would be reached 

when a.1  was equal to the shock detachment angle and a lower limit when 

the transition Reynolds number was exceeded. 

The importance of the hypersonic similarity parameter, Ma , 

and the viscous interaction parameter, X , in hypersonic incipient 

separation has also been indicated by Stollery. In analysing the flow 

of the hypersonic boundary layer up the deflected flap, Stolle ry proposes 

a 'Newtonian model', assuming that the momentum of the fluid in the 

layer causes it to proceed undeflected until it impinges on the wedge 

surface. This is depicted in Fig. 33 (b). The pressure distribution 

is then determined principally by the distribution of momentum in the 

boundary layer so that the pressure rises from zero at the corner to 

the final Newtonian wedge value at a distance ( o / sin a ) from the 

corner. The Mach number is assumed to be very high so that the 

upstream influence can be neglected and the momentum equation applied 

at the wall along the wedge surface, OX. The order of magnitude of 
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the terms in Equation (4.7) are then examined within the framework of 

the Newtonian model. This results in: 

and 

dp 	poo  u002  sin 2a 
dx 	(So  f sina) 

)1. 	ul 	
u cosa 

	

w 2 	w 
OD  

	

61 	 81 

. . . .(4 . 2 1 ) 

....(4.22) 

Applying the principle of conservation of mass within the boundary layer 

along OX, and assuming the profiles at 0 and 1 to be similar gives: 

p
CO 

u 
OD So 

c p1 u11 	pl uoo cosa 1 	• . ( 4 . 2 3 ) 

Substituting (4.21), (4.22) and (4.23) in Equation (4.7) results in 

	

tan3a 	Pw ( P1  )2  1  

	

pco 	Re oo  

Putting Re80 	1Fte17.„1C M2  ( 1 + 2.6 '  ) and writing To   

C w 	C Tw M2 
co 

	

Pco 	— 	; 
Equation (4.24), for small a , reduces to: 

(Mai) 	 cl f (Tw) 
p i VT0 

• ( 4 . 2 4 ) 

....(4.25) 

where p = f ( Ma) and is given by the oblique shock relations and 

f 	=c° 7.21A (1 + 2.6 --2.7.T  )-.1  The data of Fig. 34 were found to correlate 
To 	To 	Tr, 

to Equation (4.25) with fasssurned to be unity. 
To 
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The predicted behaviour of ai  has been evaluated from Equation 

(4.25), with f( —Tw  = 1 and the constant of proportionality equal to 0.54 
To  

for a, in radians, and plotted in Fig. 35 for comparison with Equation 
1 

(4.20). The principal difference between the two predictions is that 

Equation (4.25) indicates a levelling-off in ai  beyond M = 20, but no 

experimental data are available for comparison in this region. 

4.3.4.3 Influence of transition 

The influence of transition on incipient separation and the 

importance of the location of transition relative to the corner were dis-

cussed in detail in Section 3.2.3. The data obtained in the present 

study at Mo  = 8.2 have provided further support for the arguments pro-

posed earlier. It was found that transition occurred on the wedge, just 

downstream of the corner. From the schlieren photographs the trans-

ition region could be seen to move upstream as the unit Reynolds number 

was increased. This is demonstrated in Fig. 36, where the flat-plate 

transition location determined from shadowgraph pictures by Richards 

(1965) over the same range of test conditions on similar models is 

plotted against the initial barrel pressure, p1  . Also plotted in Fig.36 

are the approximate locations of the start and finish of the transition 

region indicated by heat transfer measurements. As depicted in the 

sketch in Fig. 36, the location of transition indicated by the final dis-

persion of the white line characteristic of the laminar boundary layer 

in focussed shadowgraph pictures tends to be nearer the end of the 

transition region. 

When the flow was separated transition occurred in the reattach-

ment region and•the length of separation decreased as the Reynolds 

number was increased. Values of a. were obtained by extrapolating 
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the curves of Lsep  against a to Lsep  = 0 as shown in Fig. 37, from 

which it will be seen that the value of ai  increases as the Reynolds 

number is increased, in contrast to the behaviour of the laminar data 

obtained at Mo  = 9.7. In order to demonstrate the behaviour of the 

laminar, transitional and turbulent boundary layers with the Reynolds 

number, the data have been correlated by Equation (4.19) by plotting 
a. 

against ReL  in Fig. 38. In general, for the cold wall hyper- 

sonic data, C*  is not much less than 1 and has been neglected in Fig. 

38. The turbulent data included in Fig. 38 were taken from the work 

of Kuehn (1959) and Sterrett and Emery (1962) for adiabatic wall 

conditions. The Reynolds number for the turbulent data is based on 

the length of fully developed turbulent boundary layer ahead of the 

corner,( L - xtr ), to correlate both forced and natural transition 

data, as suggested by Sterrett and Emery (1962). 

a. 
Whilst for both the laminar and turbulent data 

4,n7/1 
 decreases 

with increasing ReL, the transitional data at M = 8.2 is seen to dis-

play the opposite trend, moving towards the fully turbulent data as the 

Reynolds number is increased. 

The importance of the local skin friction upstream of the corner 

is indicated by Equation (4.16) is further evidenced by the correlation 

of the laminar data to a / M2  •••• ReL and the turbulent data to 

a. / M2  — Re 

The fact that the transitional data starts below the laminar data 

at ReL = 1.4 x 106  is probably due to transition starting just downstream 

of the corner. The effect of the transitional profile in this region will 

be to shorten the length required to attain the final wedge pressure and 

also to increase the pressure locally due to the thickening of the layer 

at transition. This results in a steeper gradient downstream of the 
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corner which is communicated to the laminar profile upstream of the 

corner, causing it to separate at a lower flap angle than would be 

required if the layer remained laminar throughout. 

4.3.5 	Separated flow 

4.3.5.1 	Flow establishment time 

Possibly the strongest criticism of theuse of intermittent facili-

ties for the study of separated flows is that, as the latter represent very 

complex flow patterns, the available running time may not be sufficient 

for the flow to become fully established. To check the time required 

for the flow to become established and the response of the separated 

flow to fluctuations in tunnel flow conditions, a high speed cin6 schlieren 

film was taken of the wedge compression corner model at M = 9.7. The 

film speed was approximately 4,500 frames per second, the time scale 

being given by a space-time marker at 1 ms intervals on the film. The 

300 frames covering the 64 ms of the run were photographically enlarged 

to half full-size and the length of the separated region, Lsep, measured 

at intervals of 	
Lsep 

ms. The results are plotted as 	against time in 

milliseconds in Fig. 39. Although the accuracy of the measurements 

made from the cine film was not high (about ± 5%), the film did reveal 

some interesting details. 

At the start of the run the flow was seen to become established 

within the first three frames, or 600 i.ts, the boundary layer thickness 

and separation geometry remaining unchanged for the next 2 ms. This 

corresponds to the period of constant flow conditions behind the first 

reflection of the primary shock in the barrel. Both the pressure and 

temperature during this period are well below the final reservoir 

conditions. For comparison, a typical free stream pitot pressure trace 
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is included in Fig. 39, from which it will be seen that the initial res-

ponse of the separated flow is faster than that of the probe itself. As 

the subsequent reflections of the primary shock arrive at the nozzle, 

the pressure rises and the boundary layer thickness is reduced and the 

separated length increased due to the resultant increase in Reynolds 

number. The length of the separated region then follows the fluctuations 

in pitot pressure very closely. During the period of nominally constant 

pitot pressure following the starting process the separated length grows 

by about 5% in 20 ms, although there is an oscillation of about t 5% 

occurring between 28 and 33 ms which accompanies a similar fluctua-

tion in pitot pressure. At the end of the first 'acoustic' wave the 

arrival of the reflected primary shock results in a jump in Lsep  

followed by a slow increase for the remaining 10 ms of the run. The 

response time of the separated region is so short that the gradual 

growth in Lsep  during the constant pressure interval cannot be attri-

buted to the establishment of the separated region, but rather to changes 

in the free stream conditions. The increase in L sep  is consistent with 

a decrease in the reservoir temperature. The nature of the compression 

process in the barrel and heat transfer to the barrel and nozzle walls 

result in a decay of reservoir temperature during the run. Measurements 

at similar drive conditions made by Hornung (1965) with a hot-wire total 

temperature probe have indicated a decay rate of 6000°K/sec. in the 

present facility whilst measurements of flow velocity at similar con-

ditions in the Southampton University gun tunnel by Merritt (1964) have 

indicated a figure of 8000°K/sec. From the observations of the behaviour 

of Lsep with varying Tt described in Section 4.3.5.6., the rate of growth 

of L sep observed here is consistentwith a temperature decay rate of 

the order the experimental values quoted. 
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The important conclusion to be drawn from this evidence is that, 

not only is the gun tunnel suitable for this type of study, provided that 

the measurements are made consistently at the same time in the run, 

but the establishment time of the separated flow is sufficiently short to 

justify the use of shock tunnels with running times of the order of 5 ms. 

The only limitation is that the response time of the instrumentation 

must be adequate. Moreover, the observations indicate that with 

facilities of the gun tunnel type, it may well be possible to make deli-

berate variations of parameters affecting the separated flow during the 

run, provided that the response of both the perturbation and the instru-

mentation were fast enough. 

For the present tests, all measurements and schlieren pictures 

were taken during the interval between 21 and 37 ms after the start. 

The possible errors due to the fluctuation of Lsep  described above is 

within the ± 8% accuracy of the pressure measurements at Mo  = 9.7. 

4.3.5.2 Effect of side plates 

Previous tests with glass side plates running the whole length 

of the model, described briefly in Section 4.2.4, have shown that the 

interference due to the hypersonic flow over the side plates themselves 

completely upset the separated region under study. The three-dimen-

sional boundary layer separation in the streamwise corner between the 

model and the side plates obscured the flow field observed in the schlieren 

photographs, thereby preventing a direct correlation between the centre-

line pressure and heat-transfer distributions and the flow pattern. In 

view of these results measurements were made across the span to 

check the degree of two-dimensionality when running without side plates. 

Heat transfer measurements were made at 4" either side of the centre- 
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line and pressure measurements at 4" and 11" either side of the centre 

-line. On the compression corner model with a = 15.3°, the highest 

angle studied, the flow at Mo  = 9.7 was found to be substantially two-

dimensional over the central 50% of the 5" span. The off-centre-line 

heat transfer measurements are plotted together with the centre-line 

values in Fig. 18(e),: from which it will be seen that the difference only 

becomes significant in the reattachment region where the gradient is 

very steep. The difference in the values corresponds to a movement 

of the reattachment point of as little as 0.005". Pressure measurements 

made under the same conditions also indicate a high degree of two-

dimensionality. Transverse pressure distributions at three axial 

stations are plotted in Fig. 40, whilst the values are also included in 

Fig. 18(e) for comparison with the axial distribution. It is noted that 

the scatter only becomes appreciable in the region of severe pressure 

gradient. 

Transverse distributions obtained on the same model at Mo=7.4 

without side plates showed definite signs of three-dimensionality. 

Upstream of the corner and downstream of reattachment, at stations 

B and D, the pressure falls off towards the edge of the plate whilst 

just downstream of the corner at station C the opposite trend occurs. 

This is consistent with a reduction in the separated length towards the 

edge of the plate resulting from the outflow of air from the region of 

reverse flow. In an attempt to improve the degree of two-dimension-

ality, small side plates were cut from 0.005" steel shim and attached 

to the model so as to just cover the separated region, as indicated by 

the dotted line in Fig.41. The transverse pressure measurements 

obtained with and without the side plates are plotted in Fig.41. The trans-

verse fall-off in pressure occurring at stations B and D is virtually 

removed by the fitting of side plates, but that at Station C shows only a 
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small improvement confined to the central 30% of the span. However, 

reference to the axial pressure distribution for a = 14°, plotted in 

Fig. 19(d), shows that the gradient in the region of station C is about 

6 p.s.i. per inch. Consequently the rise in pressure at the outermost 

tappings corresponds to a reattachment movement of less than 0.1". 

Since transition occurs in the reattachment region for this configuration 

the displacement of the reattachment line may be associated with a trans-

ition region which occurs earlier near the tips. 

The important result of the side plate tests is that although the 

flow is not fully two-dimensional without side plates this can be greatly 

improved by the careful use of small side plates without any significant 

effect on the centre-line flow pattern. Consequently, performing tests 

without side plates is justified for separated regions up to the size of 

those tested here, for which the smallest aspect ratio of separated 

region is between 3 and 4. All other tests reported in the presented 

study were conducted without side plates. 

The effect of reducing the flap span below that of the flat plate 

was reported by Pate (1964), whose results show that the effect on the 

separated length only becomes significant when the aspect ratio of the 

separated region is reduced below 2. 

Gross effects can result from the use of large side plates corn-

bined with large separated lengths. Such effects are evident in the tests 

reported by Miller et al. in which the centre-line pressure distribution 

was substantially altered by the fitting of full-length side plates. 

4.3.5.3 	Comparison of conical and uniform flow 

The conical flow results on the wedge compression corner at 

Mn 
= 7.5 were compared with data obtained in uniform flow by inclining 
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the model in the M = 8.2 nozzle. The angle of incidence was chosen so 

trial: the local Mach number ahead of the corner was 7.4, as in the coni-

cal flow, and the tunnel running conditions adjusted so as to generate a 

similar unit Reynolds number on the plate. Pressure distributions 

obtained at flap angles from 5° to 20°  are presented in Fig. 42; the 

conical flow data non-dimensionalised by the local flat plate values and 

the uniform flow data by the constant pressure upstream of the corner. 

The attached flow pressure distributions at aw = 5°, which is 

very close to incipient separation, are identical within the accuracy of 

measurement. At a = 6°, both sets of data indicate a small region of 

separation, but Lsep  is slightly smaller in the uniform flow. The re-

attachment pressure distributions are again identical and transition is 

indicated at a similar location on the wedge. As the wedge angle is 

increased to 10° the similarity in the separated region remains fairly 

close, but the reattachment gradient becomes steeper in the uniform 

flow. This appears to be due to the movement of transition nearer to 

the corner. At a = 16° and 20°  the geometry of the separated flows 

is basically the same, but the pressure just ahead of the corner in the 

separation bubble is higher in the conical flow than in the uniform flow, 

the latter showing a definite plateau at aw  = 20°  whilst the conical 

data does not appear to reach a true plateau. A higher degree of 

scatter was observed in both cases at a = 20°  and is probably due to 

differences in transition location occurring from run to run, transition 

being located in the reattachment region in both cases. 

The differences in pressure level in the 'plateau' region may be 

due to the technique of non-dimensionalising the data. The close agree-

ment between the conical and uniform data for the unseparated flows, 

and the reattaching flows when transition was located downstream of the 
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reattachment region, suggests that the method of non-dimensionalising 

the conical data effectively accounts for the conicity. 

The important conclusion to be drawn from these observations 

is that the geometry of the separated flow and the incipient separation 

condition are not significantly affected by the conicity. 

4.3.5.4 The free interaction region 

The principle of a free interaction region proposed by Chapman 

et al. for supersonic separation and discussed in Section 3.1 is sup-

ported by the present hypersonic data. Pressure distributions in the 

separated region produced by the incident shock and compression corner 

are compared at Mo  = 7.4, Rexo = 2 x 106  and Mo  = 9.7, Rex  0=  0.7 x 

106  in Fig. 43 (a) and (b). The pressure distributions have been matched 

relative to the separation shock as described in Section 4.3.4.1. and the 

approximate location of the separation point, S, indicated. Within the 

accuracy of the experimental points the distributions are independent 

of the agency provoking separation. Also plotted in Fig. 43 (b) is the 

pressure distribution on the compression corner at Mo  = 9.7 and Re
x 

c=2 x 106 . The reduction in both the pressure gradient at separation 

and the plateau pressure with increasing Rexo  is consistent with the 

trends observed at low supersonic Mach numbers. The shape of the 

pressure distribution curves of Fig. 43 is also qualitatively similar to 

that typical of free interaction in supersonic flow. This has previously 

been observed by Erdos and Pallone (1961 and 1962) who suggested 

that the pressure distribution might be described by a universal function 

relating the pressure to the length scale by writing. 

Cp( x) 	f (x xo\ /Cfo l  
A 	P 

....(4.26) 
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where X is the 'length of the interaction'. The function f x - x
o 

 
A 

was determined empirically from a single experimental pressure dis-

tribution obtained by Chapman et al. at M = 2. Experimentally X is 

rather vaguely defined and consequently it is possible to fit data to the 

empirical curve by a judicious choice of X. The scatter of the present 

data was such that a correlation of the distributions in this way was not 

attempted, but the strong qualitative similarity noted. 

However, the plateau pressures, characteristic of the free 

interaction region, have been compared with previous data. In order 

to present a clear picture of the status of experimental work concerning 

this important point the available data have been re-evaluated starting 

with the basic experimental results as presented in the various references. 

Care has been taken to select cases which exhibit a definite plateau and 

transitional data have only been included when it was clear from the 

accompanying flow pictures that transition was very close to reattach-

ment, such that a fully laminar free interaction had developed. For 

these data, values of Cf
o were calculated from the weak interaction 

expression of Hayes and Probstein (1959) for Pr = 1 : 

	7 
Cfo i/Rexo 

= .6644/C
* 

+ 2.les 	
4 	 I 

[ 	1  0.664 (1 + 2.6 -.21 )i 2  5(-  
o  

....(4.27) 

where C*  is evaluated at a reference temperature T*, representative 

of the boundary layer. A simple expression for T*, which is close to 

the other less convenient ones is that given by Cheng et al. (1961) : 

T*  
Tw  + To  
2 	6 

....(4.28) 

Equation (4.28) has been evaluated for a range of M from 2 to 20 and 
Tw  

from .25 to 10 and the resulting values of —
T* 

plotted as a carpet 
c:o OD 

in Fig. 44(a). Values of C
* 

have then been calculated for a range of 
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T* 
values of —Tco from 1 to 20 and Too from 40°K to 260°K and are pre- 

sented as a carpet in Fig. 44(b). Values of Cf given by the first term 

of Equation (4.27) with C*  determined from Fig. 43. were found to be 

within 2% of the values given by Van Driest (1952) for T co = 218°K. In 

the cooled wall hypersonic case the second term of Equation (4.27) is 

only significant for Y( > 1 . 

Values of CPp iii o  are plotted against Mo  in Fig. 45, together 

with Equation (3.14) with D = 2.08, represented by the dotted line. The 

hypersonic data of Miller et al. has been corrected to account for the 

strong leading edge viscous interaction, the local Mach number being 

evaluated from the free stream Mach number and the measured flat 

plate pressures on the basis of the tangent wedge approximation. An 

extrapolation of Equation (3.14) to the higher Mach numbers is seen to 

generally over-estimate the values of C IDdircji  . An empirical cor-

relation which fits the data better over the range of Mo  from 2 to 16 is 

1 	3 
Cp 	= 3 Cf 2  M 4  

p 	o o 
....(4.29) 

Although, in general, the available data fall into one of two groups, 

namely supersonic adiabatic wall, or hypersonic cold wall, the effect 

of wall-to-free stream temperature ratio appears to be reasonably well 

accounted for by Cf 
0 , within the rather high scatter of the points. The 

The data used in the correlation is tabulated in full in Table III in 

Appendix 1. 

Since the free interaction region is essentially a viscous - 

inviscid interaction between the boundary layer and the external stream 

it is reasonable to suppose that the behaviour can be described in terms 

of the viscous interaction parameter X . It was observed by Amick (1959), 
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and by Sanders and Crabtree (1961) that the free-interaction relations 

given by Equation (3.14); 

Cf 2
1 
 ( M 

2 
 - 1 ) 4  Cp 

p, s 

can be written as 

P  0 	
M 

o  

	

2 	c* \ 4 

Po 	(M02  - 1) 	\ Rex  

X 2 
	 ....(4.30) 

writing ( M 2  - 1) 

- 
Po 

Po  against XL , where 

3(Lis based on local conditions ahead of the interaction , in Fig. 46. 

Agreement with Equation (4.30) is seen to be good, although the scatter 

is fairly high. Whilst Equations (3.14) and (4.30) are essentially the 

same equation, there is an apparent improvement in the correlation of 

the hypersonic data in terms of Equation (4.30). This anomaly arises 

from the term in X in Equation (4.27) for the skin friction coefficient 

which appears in Fig. 45 but not in Equation (4.30). Clearly the amount 

of data available at present is insufficient to resolve anomalies such as 

this and can be considered only to indicate trends in terms of the princi-

pal parameters. 

Also included in Fig. 46, and tabulated in Table IV in Appendix 1, 

are the available data on incipient separation. The hypersonic trend 

proposed in Equation (4.19) is plotted for comparison and seen to be 

applicable for 5'; > 1. 

The data of Table III has been plotted as Pp  
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Although the similarity in the shape of the wall pressure dis-

tribution is maintained as the Mach number is increased from low 

supersonic to hypersonic values, the flow pattern undergoes a signifi-

cant change. At low Mach numbers the thickening of the sublayer 

ahead of the separation generates a compression fan in the outer part 

of the boundary layer. As the disturbances due to the sublayer thick-

ening are propagated along Mach lines through the boundary layer and 

the Mach angle is large, the deflection of the flow at the outer edge of 

the layer follows closely that at the edge of the sublayer with a 'lag' of 

the order of a boundary layer thickness. This is illustrated in Fig. 47(a) 

It is this observation that has supported two basic assumptions in all of 

the theoretical analyses to date; firstly that changes in pressure across 

the boundary layer occur within a streamwise distance of the order of 

a boundary layer thickness, thereby supporting the usual assumption of 

boundary layer theory that 
dp

= 0, and secondly, that the pressure 

distribution at the wall could be related directly and simply to the 

external inviscid flow through linearised supersonic theory and the rate 

of growth of the sublayer or displacement thickness. 

As the Mach number is increased, the Mach angle decreases 

and the deflection of the external stream lags further behind that of the 

sublayer, as is illustrated in Fig. 47(b). Observation of the present 

hypersonic study indicates that this effect, together with a more rapid 

rate of growth of the sublayer due to a smaller upstream influence, 

results in the compression wavelets, originating adjacent to the sublayer 

coalescing into a shock wave before the outer edge of the boundary layer 

is reached. Thus the compression of the fluid in the boundary layer 

varies from the nearly isentropic process adjacent to the sublayer to 

an oblique shock jump near the outer edge. It is therefore no longer 
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possible to relate in a simple way the pressure field at the wall to the 

external inviscid flow. Furthermore, since the pressure will tend to 

be constant along Mach lines, the pressure gradients across the layer 

can be much larger than the streamwise gradient, invalidating the 
dp 

assumption that — 	0 dy 

This may not be as serious as it first appears however, as the 
p 

streamline curvature and hence d — increase with distance away from 
dy p 

the wall such that 
d 
 in the region near the wall where the viscous 

dy 
forces predominate is little different from that in the supersonic case. 

It is only in the 'inviscid' outer part of the boundary layer that dp  
dy 

becomes large and, in fact, it is the mechanism of streamline curva- 

ture and the associated centrifugal forces that enable a pressure gradient 

to be applied at the wall without any local deflection of the external 

stream. 

Thus the problem of extending the theoretical analysis of free 

interaction to the hype rsonic case is principally one of finding a realistic 

way of relating the pressure rise at the wall to the external flow Mach 

number in terms of the rate of growth of the sublayer. As with the 

incipient separation case discussed in Section 4.3.4.2, the pressure 

field could be determined by a characteristics solution of the flow of 

the inviscid outer part of the boundary layer over a concave displace- 

ment surface generated by the inner flow. This would then be applied 

to the inner flow to generate a new displacement surface and an equili- 

brium solution obtained by iteration, but the complexity of the task 

would be formidable. 

The extension of the assumption of constant pressure across the 

layer to the hypersonic case leads to an eventual breakdown of the 

mechanism determining the pressure field. This is because the stream- 
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wise pressure gradient causes the subsonic streamtubes to thicken and 

the supersonic streamtubes to thin. When M is sufficiently high or the 

wall highly cooled, such that the sublayer is thin, it is possible for the 

thinning of the outer layer to dominate and for the overall thickness to 

be reduced But the pressure rise at the wall is assumed to be due to 

the deflection of the external stream and so .5 dx must be positive. To 

overcome this difficulty the flow has been described (Crocco 1955, Lees 

and Reeves 1964) as subcritical or supercritical according to whether 

—d8 was positive or negative, and 'jump' condition applied to the 
dx 

supercritical layer to bring the flow to subcritical before proceeding 

with the solution. In practice, the mechanism in the hypersonic boundary 

layer, as depicted in Fig. 46(b), satisfies these necessary requirements. 

4.3.5.5 Pitot traverses in the separated region 

The pitot probe traverses were made with two principal objectives; 

firstly to test the feasibility of the technique in the gun tunnel, and 

secondly to provide further information concerning the flow inside the 

separated region. The probes and traverse mechanism have been des-

cribed in Section 4.2.3 and illustrated in Fig. 11 whilst the probe 

dimensions are given in Fig. 48(a). The probes were first calibrated 

in the free stream against a conventional circular probe of 1 /16" bore 

and 3/32" O.D. The readings were found to agree within 3%. 

The undisturbed flat plate boundary layer at Mo  = 9.7 and Re/ in 

= 1.59 x 105  was traversed at x = 5.15" using the two longest probes 

spaced laterally by 0.75" and vertically by 0.08". The probes were 

positioned approximately by means of slip and feeler gauges under the 

tips and schlieren photographs were taken on each run from which the 

vertical position of the probes was measured accurately by travelling 
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microscope. The separated region on the compression corner with 

a 	= 1 5 . 3°  was traversed at four stations at x = 5.1 5", 5.60", 6.20" and 

7.10". The probe locations are indicated on a tracing of the schlieren 

photographs of the flow studied in Fig. 49 together with the corresponding 

wall static pressure distribution and the measured pitot pressure profiles. 

The static pressure inside the separated region and just ahead 

of separation were monitored throughout the tests and found to display 

a scatter within the ± 8% accuracy of the flat plate pressures described 

in Section 4.3.1. The schlieren photographs also showed no significant 

effect on the flow pattern when the probes were inserted. 

In general, the traces obtained from the probes were of the same 

form as the free stream pitot trace, a typical one being shown in Fig.48 

(b). The reading was taken in the same manner as the static pressures, 

between 21 and 37 ms, as described in Section 4.3.1. However, when 

the probe was in the separated region and positioned towards the outer 

edge of the layer, where the gradient in pitot pressure is very steep, 

the traces were typically of the form shown in Fig. 48 (c). No steady 

reading was obtained, the pressure falling by anything up to 30% during 

the usual 16 ms of steady flow. Inspection of the maximum gradient of 

pitot .pre ssure in the profiles plotted in Fig. 49 reveals that this could be 

accounted for by a vertical displacement of the profile of as little as 

0.005", which would result from a forward movement of the separation 

point of about 0.1". This is consistent with the observed changes in the 

separated region discussed in Section 4.3.5.1. In cases where the trace 

was of this form, values of pitot pressure at the start and finish of the 

usual period of reading have been plotted in Fig. 49. 

When the probe was close to the wall at stations A and B the 

reading was below the wall static pressure, indicating reverse flow. 
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The point beyond which the probe reading exceeded the wall static pres- 

sure was at y = 0.02" at station A and y 	0.05" at station B. At 

station C, downstream of the corner, the reading from the forward-

facing probe fell below the local wall static at y ^- 0.06". A short 

rearward-facing probe inserted from the corner to read at station C 

was found to read in excess of the wall static out to y = 0.09" with a 

maximum being reached at y 	0.03". Consequently the two profiles 

at C did not match up, and this is probably due to the interference of 

the probes with the reattachment region. The jump in free stream 

flow conditions at the separation shock to constant conditions outside 

the free shear layer is clearly indicated by the pitot profiles at stations 

B and C. The profile downstream of reattachment at D was measured 

with the smaller sized probe inserted into the flow through one of the 

static tappings. The pitot pressure in this region rises to a maximum 

at the outer edge of the boundary layer and then falls as the probe tra-

verses the shock layer behind the concave, curved reattachment shock, 

finally reaching the value outside the free shear layer. 

In general, owing to the normal pressure gradients involved, 

it is not possible to proceed beyond the pitot profiles, unless some 

assumption is made about the variation of static pressure across the 

layer. The chances of measuring the local static pressures on this 

scale are considered remote. However, at station B, the assumption 

that the static pressure is constant across the layer and equal to the wall 

static value should not be seriously in error. Mach number profiles 

have been evaluated for the undisturbed layer and the separated layer 

at B from measured values of —PO2 and are plotted against y in Fig.50. 
Pw 

The undisturbed profile is plotted in Fig. 51 against the normal distance 

parameter -Y-iRexi  for comparison with the theoretical profile of Van 
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Driest for similar free stream conditions. The agreement between the 

experimental and theoretical profiles is seen to be very good. 

Finally, an estimate of the location of the reattachment point 

was made by placing the very small probe at four different positions in 

the reattachment region in contact with the wall so that it formed 

effectively a Stanton tube. Both the probe pressure and the static 

pressure at the same station were measured simultaneously. When 

the probe is immersed in a region of reverse flow it should read lower 

than the local static pressure, measuring in effect a base pressure, 

and when in a region of attached flow the reverse will be true. 

Consequently if the probe and static pressures are plotted through the 

reattachment region the two curves should cross over, the point of 

intersection being an indication of the reattachment point. This is 

demonstrated by the measurements obtained, which are plotted in 

Fig.52. The reattachment point, R, indicated by this technique was 

found to be 0.65" downstream of the corner for the configuration tested. 

This corresponds to a value of 0.37 for N, the reattachment parameter 

defined by Equation (3.26) in Section 3.31. 

4.3.5.6 Length of separation 

In the present tests it was found possible to study fully laminar 

separated flows for all flap angles only at Mach 9.7. At the lower 

Mach numbers, the influence of transition was observed in the reattach-

ment region for most of the fully separated flows. 

The length of the separated layer is determined by the free 

stream Mach number Mo, the Reynolds number at separation Rexo, 

the dead air-to-free stream temperature ratio Td and the reattachment 
Tt 
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pressure ratio IP  . The increase in separated length with increasing 
P2 

P3 or wedge angle is clearly seen in all of the data, whether laminar 
P2  
or transitional , as is demonstrated in Figs. 18 and 19. Laminar data 

from the present study and from the work of Hakkinen et al. and Stollery 

were plotted as Lsepagainst the pressure ratio across the reattachment xo  
P3 . 

region, —
P2 

,m Fig.53 and found to correlate to: 

For the present tests and for the data of Hakkinen et al., p3 was taken 

as the maximum pressure at the end of the reattachment compression. 

For the data of Stollery, in which only pressures ahead of the hinge line 

were measured, p
3 was taken as the inviscid wedge pressure. 

The influence of Reynolds number and wall to free stream 

temperature ratio were investigated photographically at M = 9.7. The 

tunnel reservoir conditions were adjusted in accordance with Fig.9 to 

generate three values of unit Reynolds number at a constant Tt, and 

schlieren photographs were taken at the same point in the run for each 

set of conditions. The increase in L sep resulting from an increase in 

unit Reynolds number is illustrated in Fig.54 (a) for Tt  = 690°K and 

Qw  = 13°  and in Fig.54 (b) for Tt  = 1023°K and aw  = 20°. From the 

photographs values of L sep , as defined in Section 4.3.4, have been 

measured and plotted as Lsep against Rexo  in Fig.55., from which an 
xo  

approximate relation at constant Tt  is 

L
sep  Re xo  
x
o 

....(4.32) 

Photographs demonstrating the influence of temperature on the 



Re/inch = 1.08 x 105  

Re/inch = 1.47 x 105  

Re inch = 2.17 x 105 

Re/inch = 4.34 x 10 
a) It  = 690°K, TN, = 290°K, aw  = 13°  

b) It  = 1023°K, Tw  = 290°K, aw  = 20° 
	Re/inch = 2.17 x 10 

FIG. 54 PHOTOGRAPHS DEMONSTRATING THE INFLUENCE OF UNIT 
REYNOLDS NUMBER ON THE LENGTH OF LAMINAR SEPARATION 
AT M = 9.7. 

174 



5 6 7 8 9 106  2 

1 75 

0.6 

0.5 

0.4 

L
sep 
x 

0.3 

0.2 

0.1 

Rex  o  

FIG. 55 VARIATION OF LAMINAR SEPARATED LENGTH WITH REYNOLDS 
NUMBER AT M = 9.7 



Tt  = 690°K 

a) Re/inch = 1.47 x 105, T
w = 290°K, aw  = 13°  

Tt = 690°K 

Tt 
 = 1023°K 

b) Re/inch = 2.17 x 105, T = 290°K, a = 20°  
w 	w 

 

FIG. 56 PHOTOGRAPHS DEMONSTRATING THE INFLUENCE OF WALL-TO-
FREE STREAM TEMPERATURE RATIO ON THE LENGTH OF LAMINAR 
SEPARATION AT M = 9.7. 

176 



177 

length of separation are shown in Fig.56 for two combinations of aw  

and Re /inch. The effect of increasing Tt  whilst maintaining a constant 

Re/inch is seen to result in a slight decrease in L sep  . This is 

consistent with the predicted behaviour since an increase in Tt  amounts 

to a reduction in k-k which, from Equation (3.32), is seen to require a 
T t  

decrease in 	and hence Lsep  to satisfy the reattachment relation. 

In order to test whether the observed Reynolds number and 

temperature dependence of L sep was predicted by Cooke's theory 

(Section 3.3.1), the case of the compression corner at a = 13o and 

T t  = 690 and 1023°K has been evaluated. From the experimental 

correlation of Equation (4.31) it is consistent to re-define the reattach-

ment parameter by 

ST, , Pr 
p3 . . . .(4.33) 

The experimental value of p
r obtained in the present study and dis-

cussed in Section 4.3.5.5 corresponds to a value of 4  for N. Using this 

value and the free interaction correlation of the present study, Equation 

(4.29), in place of Equation (3.14) the values of L 	were evaluated 
xo 

by following the procedure outlined in Section 3.3.1 for the Reynolds 

number range 5 x 105 < Rexo  < 2 x 106  and for T t  = 690°K, assuming 

Td  = Tw = 290°K. Values of the momentum thickness ratio, n, were 

evaluated by both Equations (3.24) and (3.25) for comparison and the 

effect of non-unity Prandtl number checked by using both Equations 

(3.21) and (3.31) for the reattachment relation. The results are plotted 

in Fig.57 together with the experimental data. The Reynolds number 

dependence is seen to be very closely predicted, but the magnitude of 

Lsep is larger than that observed experimentally. The definition of xo 
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The effect of increasing Tt to 1023°K whilst still assuming 

T
d 

= T = 290°K was calculated by the same procedure from Equations 

(3.24) and (3.31). The predicted reduction in 
L 

seP resulting from the xo  
temperature increase is much larger than that observed experimentally. 

This probably arises from the assumption that T
d = T . In practice 

T
d 

will be between Tw  and Tt. If for instance, T
d 

was given by 

T
d 

= Tw  + K (Ti.-T w), where K is a constant less than unit, then the 

predicted effect of Tt  on L
sep would be reduced, but the magnitudes of 

L
seP would be higher and further from the experimental values. 

Before any conclusions can be reached on this point more experimental 

evidence of the effect of
T  and more detailed information regarding o  

the dead air region are needed. 
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n and the value of Pr are seen to make little difference to the predicted 

values. 

Finally, the effect of wedge angle on L 	was predicted for sep 
the case of Tt  = 1290°K and is compared with the experimental results 

in Fig.58. The agreement is not good, the difference probably arising 

from the assumptions that the reattachment process is isentropic and 

that pr  is always given by the definition of N. In practice the 

reattachment compression becomes less like an isentropic process 

and more like a shock compression as the reattachment angle, a23, is 

increased. Consequently the inclusion of a factor to describe the 

efficiency of the compression process as suggested by Chapman et al. 

is probably necessary and will be a function of a23. Further experi-

ments are necessary to investigate the reattachment region in more 

detail with a view to checking the assumptions usually made and to 

establish a valid reattachment relation. 
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4.3.5.7 Effect of transition 

Transitional separation was encountered on the wedge com-

pression corner at M = 8.2. Tests were conducted at four values of 

free stream unit Reynolds number generated by changing the barrel 

pressure whilst maintaining a constant drive pressure. This results 

in a simultaneous change in total temperature, but, from the observ-

ations of the previous section, both the increase in Re /inch and the 

associated reduction in Tt  would result in an increase in L
sep 

if the 

boundary layer remained fully laminar, although the contribution from the 

temperature change would be small. The influence of transition in the 

reattachment region resulted in a decrease in L
sep 

as the Reynolds 

number was increased. This is demonstrated by the photographs, 

taken with the wedge angle at 16°  under the four test conditions, shown 

in Fig.59. 

Pressure distributions obtained at flap angles from 3°  to 16°, 

presented in Fig.60 clearly illustrate the various aspects of the influence 

of transition discussed in Sections 3.2 and 3.3.3. With the flap angle 

at 3°  there is no apparent difference in the pressure distribution and 

the flow is unseparated for all cases. As a is increased to 5o the 

flow becomes separated at the lowest Reynolds number, but as the 

Reynolds number is increased to the highest value the location of 

transition, indicated by the shadowgraph pictures, moves nearer the 

corner and the flow becomes attached. This is also evident for a = 6°. 
w 

When a is increased to 8°, all four cases are separated with Lw 	 sep 
decreasing with increasing Rexo, and the reattachment pressure 

gradient becoming steeper as Rexo  is increased. The latter effect is 

believed to be due to the forward movement of the transition region 

and, as discussed in Section 4.3.4.2, can be responsible for the 
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FIG. 60 PRESSURE DISTRIBUTIONS FOR TRANSITIONAL SEPARATION ON THE 
WEDGE COMPRESSION CORNER AT M = 8.2 
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occurrence 	 an for the 

fully laminar boundary layer. When the wedge angle is increased to 

1 6°, at the two lower Reynolds numbers the laminar free interaction 

appears to be fully developed with the plateau pressure decreasing 

with increasing Re
xo as with the fully laminar separation. 

In order to demonstrate the effect of Reynolds number on L
sep 

in the laminar, transitional and turbulent regimes, use has been made 

of the empirical correlation obtained from the laminar data of the 

present study. The data of Fig.53 is correlated approximately by 

2 L sep 	(P3) ivi -3  
xo  

For the purpose of demonstration, laminar, transitional and turbulent 

L  data have been plotted as  sep . m 3.(P3ip  )-2 against Rexo  in Fig.61. xo  
Laminar data from various sources including the M = 9.7 data of the 

present study correlates to Rexo
1 / 2 
 whilst the turbulent data of 

Chapman et al. and Sterrett and Emery (1962), although scattered, 
1/5  

increases approximately as Rex 	, again indicating the probable 

importance of skin friction. The transitional data of the present study 

obtained at a = 8°, 10°  and 16°  is seen to fall steeply with increasing 
w 

Rexo  and lie between the laminar and turbulent limits. In general, 

transitional data could fall anywhere between the laminar and turbulent 

curves. 
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5 	CONCLUSIONS 

The hypersonic gun tunnel has been shown to be particularly 

suitable for the detailed study of separated flows. Not only is the 

establishment time for the separated flow an order of magnitude 

shorter than the available running time, but the latter is sufficiently 

long for surveys to be made inside the separated region. 

The use of conical nozzles has been found to have no significant 

influence on the size of the separated region or on the incipient 

separation conditions. Pressures normalised by flat plate values were 

found to agree well with those obtained in uniform flow, except for a small 

difference in the plateau region of the fully separated flow. A conicity 

correction procedure has been proposed, accounting for the effects of 

both the streamwise pressure gradient and the streamline incidence, 

and found to give good agreement with theory when applied to the flat 

plate mounted off the centre-line. 

The concept of incipient separation has been clearly supported 

and found to be strongly dependent on Mach number. Whilst Cps  at 

constant Rexo  decreases with increasing Mo, Cpi  increases. An 

additional criterion for the detection of incipient separation in hyper-

sonic flow has been proposed on the basis of heat transfer measurements. 

A simple order of magnitude analysis has been proposed to describe 

the hypersonic behaviour of incipient separation based on the observed 

predominance of the outer part of the boundary layer in attached 

compression corner flows. The predicted importance of the small 

disturbance similarity parameter, Ma, and the hypersonic viscous 

interaction parameter, X, has been confirmed by the available 

hypersonic data. 
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The influence of transition on incipient separation has been 

elucidated and experimental evidence obtained of two different modes 

of behaviour for laminar and transitional boundary layers. A 

correlation of available data demonstrates the three possible regimes 

of behaviour for laminar, transitional and turbulent boundary layers. 

From the practical viewpoint, the advantage of the increase in 

a. with increasing M is offset by the simultaneous reduction in flap 

effectiveness due to the more gradual rise to the inviscid wedge 

pressure. 

The size of the separated flow region was found to increase 

gradually beyond incipient separation as the wedge angle was increased, 

no evidence of a discontinuous growth being found. For constant free 

stream conditions, the pressure and heat-transfer distributions and 

flow patterns up to the corner at incipient separation and up to the 

separation point for all the separated flows were found to be identical. 

In this sense the flow in the region ahead of the separation point always 

behaves as a free interaction between the viscous and inviscid flows, 

independent of the size of the separated region. 

The principle of free interaction proposed by Chapman et al. at 

supersonic Mach numbers has been shown to be valid for hypersonic 

separated flows induced by incident shock or wedge compression 

corner interactions. 

The plateau pressure characteristic of fully developed separated 

flows has been correlated over a wide range of Mach numbers from 2 

to 16 in terms of the viscous interaction parameter. The effect of 

wall cooling appears to be accounted for adequately by the use of a 

reference temperature, although the amount of data available is 

insufficient to be conclusive. 
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It has been found possible to perform boundary layer pitot 

traverses in a separated region in the gun tunnel. The repeatability 

of the tunnel was adequate to give reasonable accuracy when making 

step-by-step traverses occupying several runs. In this respect the 

shock tunnel would be advantageous in that the flow conditions are 

more uniform and more accurately known, but the response of the pitot 

probes would have to be improved. Evidence of reverse flow was 

found, but the profiles from forward and rearward facing probes did 

not match up. 

The length of the separated region is crucially dependent on the 

location of transition relative to the reattachment region. For 

purely laminar boundary layers the length of separation has been found 

to increase with increasing Reynolds number, whilst the length 

decreases when transition is located in the reattachment region. The 

available data has been correlated to demonstrate the three regimes 

of behaviour of laminar, transitional and turbulent boundary layers. 

Recent anomalous results are considered to be due to the unobserved 

influence of transition in the reattachment region. 

The method of Cooke has been found to predict the observed 

trend of Lsep with increasing Rex, but not the magnitude. The 

predicted effect of increasing flap angle did not agree well with the 

experimental results. This is thought to be due to the reattachment 

parameter, N, being a function of the reattachment angle or to non 

-isentropic compression in the reattachment region. The predicted 

effect of wall cooling on the length of separation is much larger than 

that observed experimentally. 
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APPENDIX 1 

TABLE I 	VALUES OF THE CONSTANTS IN THE FREE INTERACTION RELATIONS ( Equation 3.14 ) 

REFERENCE Mco A BCD REMARKS 

Sterrett and Emery 3.6 0.93 1.82 Correlation of the data of Chapman et al. 

Gadd 1.13 Theoretical value - Rex  large. 

Hakkinen et al. 2 1.41 2.33 Theoretical - confirmed by experiment. 

Michel 1.22- 2.45 Simple modification of the above. 

Sterrett and Holloway 8 2.610 Empirical data correlation. 

Erdos and Pal lone 1.15 2.08 Empirical - from the data of Chapman et al.. 

TABLE II 	LOCAL TEST CONDITIONS IN THE PRESENT STUDY 

M 
n 

P4 
psia 

Pt 
psia 

P1 
psia 

Tt 
°K 

M 
o 

Reo 
per inch 

7.5 2000 1580 25 1090 7.4 3.67 x 105  

8.2 ., I, 14.7 1290 8.2 2.43 x 105  

.i it ii 27.6 1060 ii 3.36 x 105  

.. ii I, 45 890 .. 4.46 x 105  

ii ii ii 	_ 65 780 ii 5.42 x 105  

10 n ii 14.7 1290 9.7 1.59 x 105  

ii ii ., 100 670 ii 4.88 x 105  

15 I. ii 14.7 1290 14.5 5.0 x 104 
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EXPERIMENTAL DATA CONCERNING THE FREE INTERACTION REGION 

Reference Moo Model State.°f 
b.l. 

p 	- p 
Tt  °K .I.T.Tw Rex. _.CP e Cfo ,d,-; 7 Cf.  R.reZ The ,,°.., 

Chapman et al. 1.9 step trans. 4.14 x 105  0.13 293 a.w. 1.01 .667 1.04 x 10-3  1.60 0.011 
1.9 step lam. 5.56 	u 0.105 1.01 .667 0.90 	n 1.40 0.009 
2.0 wedge trans. 1.10 	. 0.160 .982 .659 1.98 	. 1.29 0.024 
2.7 wedge trans. 6.82 	. 0.20 .956 .649 0.79 	. 1.40 0.024 
2.1 C.S. trans. 9.05 	u 0.125 .978 .656 0.69 	. 1.54 0.010 
2.3 step lam. 0.72 	. 0.28 .968 .652 2.43 	0 1.54 0.046 
2.3 step trans 1.52 	. 0.23 .968 .652 1.67 	1 1.52 0.030 
3.5 step lam. 2.47 	. 0.37 .978 .655 1.32 	. 1.19 0.086 
3.6 step trans 6.11 	u 0.30 .980 .657 0.84 	. 1.14 0.060 
2.6 wedge trans 1.26 	. 0.275 .959 .650 1.83 	. 1.35 0.050 
2.7 C.S. lam. 0.46 	. 0.35 .956 .649 3.02 	U 1.25 0.092 
2.7 C.S. trans. 0.84 	U 0.33 .956 .649 2.24 	u 1.37 0.068 
2.4 shock lam. 0.092 U 0.445 .962 .651 6.79 	. 1.34 0.144 

Hakkinen et al. 2.0 shock lam. 1.90 	u 0.20 1.60 	U 1.78 0.018 
1.60 	. 0.175 1.55 	u 1.59 0,020 
1.90 	. 0.182 1.50 	. 1.68 0.018 
1.75 	. 0.189 1.50 	u 1.74 0.019 
1.65 	u 0.204 1.75 	U 1.74 0.020 
2.05 	. 0.183 1.28 	. 1.83 0.018 
2.45 	u 0.191 1.25 	u 1.93 0.016 
1.85 	. 0.210 1.50 	. 1.94 0.019 

Pate 3.0 wedge trans. 1.08 	. 0.45 300 a.w. .960 .650 1.98 	0 1.61 0.082 
. . trans. 3.30 	u 0.35 1.13 	. 1.66 0.047 
. 0 lam. 1.70 	. 0.33 1.58 	U 1.32 0.066 

5.0 0 lam. 3.26 	.. 0.65 1.08 .690 1.21 	U 1.07 0.219 
. 0 lam. 9.8 	. 0.50 0.696 	. 1.08 0.126 

Sterrett and 4.45 step lam. 3.1 x 106  0.24 500 a.w. .905 .630 0.047 
Emery 4.77 step lam. 3.3 	0 0.265 0.057 

5.8 step trans. 3.52 	0 0.35 0.098 
6.5 step lam. 0.51 	. 0.62 0.362 

present study 7.4 wedge trans 1.47 	U 0.67 1090 3.16 .875 .621 0.513 	U 0.775 0.310 
8.2 wedge trans. 0.88 	u 0.88 1290 3.25 .85 .611 0.654 	" 0.730 0.558 
. wedge trans 1.34 	. 0.79 1060 3.95 .89 .626 0.540 	. 0.724 0.450 

9.7 wedge lam. 0.78 	U 1.10 1290 4.41 .89 .626 0.710 	" 0.631 1,00 
wedge lam. 2.20 	u 0.90 670 8.54 1.08 .687 0.465 	. 0.639 0.596 

14.5 wedge lam. 0.25 	. 2.6 1290 9.67 1.03 .790 1.58 	. 0.450 6.10 
Stollery 14.4 wedge lam. 0.66 x 105  1.4 2900 Tw=290 .729 .705 2.74 	0 0.185 10.2 

14.8 wedge lam. 1.33 	. 1.63 .731 .677 1.91 	. 0.244 8.0 
Miller et al. 14.5 wedge lam. 0.67 	U 2.44 3200 Tw  = 290 .733 .770 2.95 	. 0.319 10.0 

14.2 0.96 	. 3.12 .732 .735 2.37 	0 0.432 7.90 
13.9 0 0 1.62 	0 459 .726 .695 1.72 	. 0.445 5.64 
13.5 " . 2.15 	. 2.84 .720 .668 1.44 	0 0.565 4.56 
14.2 . . 1.02 	. 2.96 .732 .732 2.30 	. 0.460 7.60 
13.8 . . 0,77 	. 2.67 .726 .744 2.68 	. 0.430 8.01 
13.7 . . 0.74 	. 2.92 .732 .763 2.81 	. 0.443 7.96 
13.3 . " 0.72 	. 481 .727 .757 2.81 	. 0.456 7.34 

Note: C.S.= curved surface. 	* lam. = laminar throughout separated region; trans. = transition located in reattachment region. 

TABLE IV 

INCIPIENT SEPARATION DATA 

Reference Mm Model State of 
b.l. Re L 

Pi - Po T Tt  °K to  C*  Cfo  a° 7 Po CforR--"ex. 

Hakkinen et al. 2.0 shock lam. 1.67 x 105  0.249 1.55 x 10-3  0.02 
2.37 	. 0.218 1.30 	. 0.016 
3.14 	. 0.210 1.15 	. 0.014 

- 4.18 	. 0.207 0.97 	0 . 0.012 
present study 7.4 wedge lam. 2.2 x 106  1.15 1090 3.16 .874 .621 0.419 	. 5.0 0.252 

. shock lam. 2.2 	u 1.50 1090 3.16 .874 .621 0.419 	. 0.252 
8.2 wedge trans. 1.46 	. 0.88 1290 3.25 .850 .611 0.506 	. 4.0 0.42 
. u 2.02 	. 1.20 1060 3.95 .890 .626 0.44 	0 4.5 0.367 

. . 2.68 	0 1.30 890 4.70 .930 .640 0.39 	0 5.1 0.325 
. . . 3.25 	. 1.78 780 5.37 .965 .651 0.36 	. 6.4 0.30 

9.7 . lam. 0.95 	. 2.90 1290 4.41 .89 .626 0.64 	. 7.6 0.873 
0 . . 2.93 	. 1.30 670 8.54 1.08 .687 0.402 	0 5.0 0.547 
0 shock u 1.02 	. 3.2 1290 4.41 0.89 .626 0.620 	" 0.844 

. 3.08 	. 2.1 670 8.54 1.08 .687 0.392 	. 0.490 
14.5 wedge u 0.30 	n 25 1290 9.67 1.03 .790 1.44 	0 15 5.64 

Stollery 14.4 wedge lam. 0.96 x 105  36-42 2900 4.25 .729 .705 2.28 	. 18-20 8.21 
14.8 wedge lam. 2.44 	. 25 2900 4,48 .731 .677 1.37 	. 15 5.60 

Miller et al. 16 wedge lam. 0.67 	. 
1.30 	. 

40 
28.6 

3200 T=290 w .723 .680 2.53 	. 
1.88 	" 

17.5 
14.5 

13.4 
9.65 

. . 0 3.0 	" 23.4 1.24 	u 13 6.35 
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