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ABSTRACT 

The statie pressure and heat transfer rate distribu

tions have been measured in the reattachment region of free 

shear layers. In the first part, a cone/eavity model and the 

effeets of gas injeetion have been studied. Results have been 

presented for both laminar and turbulent flows. 

In the second part, a flow model has been investi

gated which is analogous with an Edney type III shock wav~ 

interaetion. found when the bow shock of a blunt hypersomic 

body is intersected by an extraneous shock. 
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1. GENERAL INTRODUCTION 

This report contains the details and results of two 

experiments carried out at the von Karman Institute. They _are 

related in that they are both concerned with pressure and heat 

transfer distributions in the reattachment region of free 

laminar and turbulent 8hear layers. 

The first part of the report deals with a cone/cavity 

flow investigation in which conditions at reattachment are 

modified by gas injection into the cavity. Results for turbulent 

shear layers are presented and comp~red with previously obtained 

laminar data. Some correlations are suggested and discussed. 

The second part of the report contains the experimental 

details and .the results of an investigation made at the reat

tachment point d! a two-dimensional shear lay~r of zero initial 

thickness. 

Edney (Ref. 25) has discussed the high heat transfer 

rates found on blunt hypersonic bodies under circumstances in 

which its bow shock is intersected by an extraneous shock. 

This shock intersection produces a shear layer, and it is the 

impingement of this shear layer on the body surface which pro

duces very high heat transfer pea~s. The aim of this experiment 

is to reproduce the essentials of a steady two dimensional 

shock wave interaction. 
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2. TURBULENT CONE-CAVITY FLOW -

THE EFFECTS OF GAS INJECTION 

2.1 Introductioll 

The flow separation caused by a cavity on the surface 

of a hypereonic body considerably modifies the surface distri

butions of statie pressure and heat transfer rate in that region. 

Whilst in the separated region itself these quantities are 

changed in an acceptable way, peaks well above the undisturbed 

values of both pressure and heat transfer rate have been measured 

as the flow reattaches (Refs. 1, 4, 6, 7). 

It has been shown theoretically and verified experi

mentally that the injection of a small amount of gas into the 

cavity will substantially reduce these peaks. These investiga

ions have been carried out in both the laminar regime (Ref. 

2,5,8,9,10) and the turbulent regime (Ref. 11, 12, 13, 14, 

17. 18, 23). 

Ginoux and Thiry (Ref. 2) have verified that in the 

case of laminar cone/cavity flows the injection o f G&se s whiäh 

are lighter than the primary fluid are more effective in reducing 

the peaks. The subject of the present report is an extension 

of this work into the turbulent regime, using essentially the 

same equipment. The experimental program was carried out by 

Miss J. Yhap (Ref. 26). Results of statie pressure and heat 

transfer surveys are presented and compared with the results 

of the earlier laminar tests. 

2.2 Experimental equipment 

The investigation was carried out 1n the hypersonic 

blowdown wind tunnel H-l at the von Karman Institute. The 

working section measured 12 cm x 12 cm and the free stream Mach 
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number was 5.310.025. 

The tunnel stagnation pressures used were from 28.8 

atmospheres to 31 atmospheres with stagaation temperatures 

between 160°C and 220°C. These conditions gave free stream 

unit Reynolds numbers in the range o~ 3.28 to 4.04xlO s per 

cent imet er. 

The models used in this series of tests are identical 

with the models used by Ginoux and Thiry in re~erence 2 with 

the exception that the present models possess roughened noses 

so tbat the boundary layer becomes turbulent prior to 8epara

tion. The rougbnesses have the ~orm of small steps on the 

~orecone and details o~ these are shown in Fig. 1. 

Two models were used. one ~or pressure measurements 

and tbe other ~or heat transfer studies. Their geometries di~fer 

sligbtly as shown in Fig. 2 and Fig. 3. The pressure measurement 

model has twenty eight statie pressure tappings. Tapping number 

one on the foreeone measures the cone pressure to whieh all pres-

Bures are referred. Numbers two and three are in the cavity 

wbilst the distribution o~ the remainder is shown in Fig. 2. 

The heat transfer model is fitted with eleven themmo

couples as shown in Fig. 3. Thermocouple . number 14 measures 

the re~er.nee heat transfer rate downstream of the cavity. 

Thermocouples numbered 9, 10 and 12 have been previously removed. 

Both tbe statie pressure tappings and the thermocouples 

are staggered by an angle e to allow a very detailed examination 

to be made in the shear layer reattachment region. 

Four gases, including air, were used as injectants 
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during the tests. Two of them were lighter than a~r : hydrogen 

and helium, and one was heavier than air, name1y, freon 12. 

No heat transfer measurements were taken for hydrogen injection. 

The gases were injected through an annular port in 

the cavi ty at f100r level as shown in Fig. 2 and Fig. 3. A 

diagram of the injection system is shown in Fig. 4. The gas 

metering was precisely carried out by using ca1ibrated sonic 

orifice plates. This ca1ibration was done by measuring the 

time between successive levels of pressure and temperature in 

a tank of known volume downstream of the orifices. A constant 

reservoir pressure was ma'ntained upstream of the orifice 

plates. 

Carefu1 design of the modèl's interior produced varia

tions of entry velocity into the cavity of less than 1%. The 

injectant mass flow rates we re referred in both the lamiaar 

case and the turbulent case -to the theoretica1 mass flow con

tained in the boundary 1ayer at separation. Thas the norma1ized 

injectant mass flow ~s 

C 
q 

= injectant mass flow rate 

= boundary 1ayer mass flow 
at separation point 

The model was initial1y set at zero degrees yaw and 

incidence re1ated to the tunnel datum. This had to be adjusted 

very slightly so that a uniform annular pressure distribution 

was obtained at the reattachment shoulder. 

Heat transfer meaeurements were made using the transient 

thin skin technique. This utilizes the equation which gives the 

heat transfer to the surface per unit area and time and is 

written as : 
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where p ~ skin density = 7.68 gm/cm 3 

c specific heat = 0.114 cal/gmOK 

d effective skin thickness 

During the experiment the tunnel was started .ery 

quickly, the model bein! initially at a uniform temperature. 

The slope ~~ of the temperature-time graph was measured at a 

very emall time af ter startin! the tunnel. At this time, 

ideally the model is still at a uniform temperature and there

fore little conduct ion will be taking place within it. 

2.3 Results and discussion 

2.3.1 Flow visualization results --------------
Photographs of the flow past the cone/cavity model 

we re obtained using the shadowgraph technique. These are shown 

in Figs. 5a to 5m. 

The flow regime shown in Fig.5a is for zero mass in

jection. In this photograph, there is evidence of an expansion 

fan at the separation point and an oblique shock emanating from 

the reattachment region. Measurements reveal that the cavity 

preseure is below the cone pressure for zero mass injection. 

The particular circuastances governing the flow over 

a cavity having flush lips have been described in the literature 

(Chapman, et al.) as the followin!. 

The flow regime is governed by two effects. Firstly, the shear 

layer has a sc~venging effect upon the air in the cavity and 

therefore tends to exert a suction upon it. Secondly, the shear 

layer reattachment flow field must be such that it returns to 

the cavity that maas flow which has been entrained by the shear 

layer. The equilibrium condition in this particular experimen; 

is one in wBich the suction has caused the shear layer to be 
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expanded slightly at separation with the consequent abrupt re

attachment at the shoulder causing the oblique shock shown in 

Fig.5a. 

This flow re~ime is modified by the injection of las 

into the cavity. In Figs. 5b and 5c, the injectant is air. At 

low injectant mass flow rates shown in Fig. ' 5b and 5c. there 
, 

is no discernable alteration in the flow structure. However, 

as the mass flow rate is increased further, (Fig. 5d), there 

is evidence of a compression wave emanating from the separation 

point, and a weakening of the oblique shock at the reattachment 

shoulder. This trend is continued in Fig. 5e with a definite 

compression wave at separation and a much weaker compression 

wave at the reattachment point. 

The shadowgraphs shown in Fig. 5f ·to Fip,.5i are for 

the freon 12 injection case. The information contained in them 

infers that. for the same injection rates, the freon 12 does 

not produce the flow field modifications which were caused by 

air. For example, even . at the highest rate of freon 12 injec

tion there is only a slight trace of a compression waYe at the 

separation corner. 

On the other hand, the helium injectant produces 

marked alterations to the flow field even at very low mass 

flow rates as shown by the series of shadowgraphs in Figs. 5j 

to 5m . • It is apparent that helium mass flow ratios of 0.05 

are sufficient to weaken the reattachment compression wave, 

whilst for a c value of 0.131 the rear compression wave is 
q 

standing well off the body with the separatian compression 

wave well defined. In Fig. 5m the separation wave is even more 

intense with a grazing type of reattachment being indicated at 

the shaulder. 

The results of the shadowgraph examination for the 

turbulent shear laier exhibit the same trends as the laminar 

results of Ginoux and Thiry (Ref. 2) in that again the lighter 
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gases seem much more efficient at lifting the shear layer off 

the reattachment shoulder which of course leads one to expect 

reduced levels of static pressure and heat transfer in that 

reg ion. 

2.3.2 Pressure and heat transfer measurements -------------------_ ... _---
The results of this part of the investigation are 

presented initially in the form of graphs showing the distribu

tion of static pressure ratio along the model surface. The 

effects of injecting the various gases is shown in Fig. 6 

to Fig. 9. In all these figures the effect of mass injection 

is to reduce the pressure levels leaving the form of the dis

tri but ion unaltered. 

In studying these four figures. it is obvious bhat 

the lighter gases are able to reduce the pressure levels at 

reattachment for very small injectant mass flows. This effect 

is illustrated in Fig. 10. in which the peak pressure. af ter 

being normalized with respect to the peak pressure for zero 

injection. is plotted against c • The laminar results have a1so 
q 

been plotted on this figure; it should be remembered. however. 

that the reference mass flow for calculating c is different in 
q 

the laminar case. 

A study of the shadowgraphs ~n conjunction with Fig. 

16 leads to the conclusion that the reduction in the reattach

ment peak pressure is associated in some way with the shear 

layer angular displacement. The cavity pressure is a measure 

of this movement and so the way in which the cavity pressure 

is affected by the various injectants should be examined. 

In figure 11 the effect of injectant mass flow on 

the cavity pressure is shown for turbulent and laminar flow. 

At zero injectant mass flow rate, the cavity pressure in the 

turbulent case is weIl be~ow that for the laminar regime. 



- 8 -

This may be due to the fact that the much higher mass flow en

trainment rates associated with turbulent free shear layers 

exert a higher suction on the contents of the cavity than the 

laminar shear layers, so that the equilibrium flow regime in 

the turbulent case will involve larger expansion angle at sepa

ration than in the laminar case and. consequently. more severe 

pressure rise at reattachment to return to the cavity the high 

mass flow which has been entrained by the turbulent shear layers. 

The curves on Fig. 11 show, as expected, that the 

cavity pressure is highly dependent on the type of injectant 

and in both laminar and turbulent regimes, it is the light gases 

which have the strongest effect on the cavity pressure. 

The injectant masS flows for both the laminar and 

the turbulent regimes have been referred to the mass flow in 

the turbulent boundary layer at separation. Plotting the results 

1n this way illustrates the difference in the sensitivities 

of the laminar and turbulent regimes to the injectant mass flow. 

Examination of Figs. 6 to · 9 in conjunction with 

Fig.ll leads to the conclusion that the peak pressure at reat

tachment will be a function of the reattachment angle which 

in turn reflects the cavity pressure. 

The reattachment pressure peak should then be a unique 

function of the cayity pressure. By correlating the peak pres

sure and later the peak heating with the cavity pressure the 

dependence on the injectant type is removed. Figure 12 shows 

this type of correlation to be a reasonable one. By aga1n 

recalling the laminar results of Ref. 2, the reattachment pres

sure peaks can ~e plotted against the cavity pressure as shown 

in Fig. 13. 

Both these figures show excellent correlation for cases 

in which the shear ,layer is , expanding down into the cavity. As 
, 

the cavity pressure increases the shear layer tends to graze 
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the reattachment shoulder and consequently the peak pressures 

decrease. However, once the cavity pressure exceeds the cone 

pressure the shear layer starts to lift ~ff the reattachment 

shoulder so tÄat the peak pressure looses its dependence on 

shear layer angular direction and the cavity pressure. This 

trend is reflected in both Figs. 12 and 13. The line drawn on 

both figures labelled Pmax = Pcav is of course a limiting line. 

The results of the heat transfer survey are shown 

in Figs. 14 to 16. They are in the form of surface heat trans

fer rate measured on the cone surface far downstream of the 

cavity. These figures show that the effects of gas injection on 

the heat transfer distributions are similar to the effects pro

duced by gas injection on the static pressure distribution. 

The general form of the distributions is unchanged but the 

levels are progressively reduced with increasing injectant mass 

flow. 

The effect of the various injectants on the peak value 

of heat transfer ie shown in Fig. 17. The efficiency of the 

lighter gases is shown clearly. 

The dependenee of the peak heating on the reattachment 

angle is shown by plotting the peak heating against the cavity 

pressure. Figure 18 shows this type of correlation in the turbu

lent regime to be very good. However. the laminar results plotted 

in Fig. 19 only correlate against the cavity pressure whilst the 

cavity pressure ratio is less than unity. Once the cavity pres

sure exceeds the cone pressure. the heat transfer peak is below 

the reference value. Under these conditions. the results of 

Ref. 2 show that the flow becomes transitional downstream of 

the reattachment shoulder where upon the heat transfer rates 

rise sharply. 

To examine the results in greater detai~. it is inter

esting to study the relationship between the peak heating and 

the peak pressure for both the turbuleat and laminar regimes. 
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The results plotted in this way are shown in Figs. 20 and 2l. 

Both the laminar and the turbulent results show a 

linear re1ationship between the peak pressure and the peak 

heating for the cases in which the cavity pressure is below the 

cone pressure. These are the high heat transfer cases. 

By defining a maximum reattachment Stanton number in 

a simi1ar way to Bushne11 and Weinstein (Ref. 27) based on the 

peak heat ing. the peak pressure and the wall temperatures such 

that 

St max = 

where u 

p 
max u c (To-T ) IrT p w 

w 

is the velocity just downstream of the oblique shock 

whibh for sha110w reattachment ang1es is approxiaately 

equa1 to the cone velocity. 

The reference Stanton number is thus written as 

St = re! P cone 
R T 

w 
u c (To-T ) cone p w 

with u .. u 
cone 

50 that 

• 
~ax 
~re! 

St P max max 
= St f P re cone 

The 1inear portions of Figs. 20 and 21 are of course of the form 

~ax 
<tref 

or 

= m 
P 

max 
p 

cone 

St 
max 

• m + c St f re 

+ C 

P cone 
P max 
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tor turbulent shear layer m ~ 3.07 

c = -4.81 

tor laminar shear layer m = 2.21 

c = -1.915 

The laminar and the tu~bulent results are plotted in this way 

in Fig. 22, with the values at zero injectant rate indicated 

as well as the point at which the cavity pressure is equal to 

the cone pressure. 

St f lS different for each case so that the vertical re 
position of the curves will depend upon the chosen reference 

Stanton number. Nevertheless. it is seen that the dependenee 

of the maximum Stanton number on the peak pressure is of the 

same order in both the laminar and the turbulent regimes. 

A correlation factor K was calculated in a similar 

manner to Ref. 2, in an attempt to collapse the peak pressure 

and peak heat transfer curves onto the curve for the air injec

tion case (see Fig. 23). The correlation factor K is related to 

the molecular weight of the injectant as shown in Fig. 24. This 

correlation was successful in the laminar case but is not so 

effective for the turbulent case as shown by the scatter in 

Fig. 24. This is possibly due to the fact that the diffusion 

processes in the laminar case are only dependent on the molecular 

weight whereas of course in the turbulent case the diffusion is 

done by ~he eddies within the flow. 

The distributions of heat transfer and statie pressure 

for Bero injectant mass flow for the turbulent and laminar 

results are shown in Fig. 25. In the laminar flow case the heat 

transfer peak occurs downstream of the statie pressure peak. 

On the other hand. tor the turbulent shear layer. the heat trans

fer peak is upstream of the statie pressure peak. In both cases, 

the heat transfer is related to the statie pressure through the 

densitYi in the laminar case the acceleration downstream of the 

pressure peak increases the wall temperature gradient. whilst in 
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the turbulent case the flow acceleration downstream of the pres

sure peak may be tending to laminarize the boundary layer and 

consequently reducing the heat transfer rate. 

When setting the pressure model to zero incidence. 

during the laminar flow experiments. it was noticed that the 

annular pressure distributions on the reattachment shoulder 

were extremely sensitive to the model incidence. with very 

large pressure differences between the windward and leeward 

sides. These pressure differences were apparent for incidences 

of ~ 0 upwards. On the other hand. during the turbulent tests 

changes of incidence of up 2 0 produced very little change in 

the annular pressure distribution. 

2.4 Conclusions 

Measurements of statie pressure and heat transfer 

rate on the cone-cavity model used in Ref. 2 have been made in 

the turbulent regime. 

Injection of gases into the cavity have caused the 

pressure there to rise and substantially reduce the peak pres

sure and peak heat transfer rate in the reattachment region. 

As ~n Ref. 2. the lighter gases have proved most 

efficient in this respect. 

When the cavity pressure was below the cone pressure 

a linear correlation was found between the peak heat transfer 

rate and the peak pressure at reattachment in both the laminar 

and turbulent regimes. Using a reattachment Stanton number defi

nition proposed by Bushnell and Weinstein in Ref. 27. it was 

found that the maximum Stanton number at reattachment. referred 

to some reference value. showed .the same dependenee on the peak 

pressure in both the laminar and the turbulent flow regimes. 
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3. REATTACHING SHEAR LAYER INVESTIGATION 

3.1 Introduction 

Very high levels of heat transfer rate have been 

measured on the forward surfaces of blunt hypersonic bodies in 

the reattachment regioD of a shear layer. This shear layer is 

generated by the intersection of the bow shock and an extraneous 

oblique shock. Such a situation may occur when the bow shc~k 

of a shuttle type vehicle intersects the bow shock generated by 

its booster. 

Edney, in Ref. 25, distinguishes between six different 

types of shock intersection and discusses the conditions u.der 

which each may occur. Edney's type 111 intersection results in 

very high peak Talues of heat transfer at the point where a 

shear layer generated by the intersecting shocks, attaches to 

the surface of the body. Under type 111 conditions, the shear 

layer separates a subsonic region near the body from a supersonic 

region which. for most free stream Mach numbers of interest, is 

bet wee n 2. 0 an d 3. 0 • 

The experiment described in this report is concerned 

with measurements of statie pressure and heat transfer rate on 

the surface of a cylinder at the impingment point of such a 

shear layer having zero initial thickness. Laminar and turbulent 

shear layers have been studied. 

3.2 Experimental equipment 

3.2.1 Wind tunnel -------
The experiment was carried out in the VKI supersonic 

wind tunnel S-l. This is a closed circuit wind tunnel with a 

working cross sectional area measuring 40 cm by 40 cm. The nominal 

free stream Mach number is 2.21. During the tests the stagnation 

pressure was v.ried between 80 and 190 mm Hg.abs. with stagnation 
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temperatures between 295°K and 3l0o K. These gave a unit 

Reynolds number range of between 1.3 Xl0 6 and 3.l x l0 6 per meter. 

3.2.2 Model - --
The model consists of a shear layer generator fixed 

upstream ot a horizontal cylinder perpendicular to the tree 

stream which is 6 mm diameter and 250 mm long. The arrangement 

is shown di agramat ic ally in F ig. 26 and a photograph of the 

model is ShOWD in Fig. 27. The cylinder can be rotated about its 

axis through any angle. A single static pressure tapping is used 

to measure the static pressure distribution in the reattachment 

region ot the shear layer. 

The pressure tapping is connected to a Statham 

differential pressure transducer of the strain gauge type having 

a range of 0 to 1.0 lbt/in 2 • The signal trom the transducer is 

displayed on a graphispot chart recorder. 

The heat transfer rate distribution in the reattach

ment region is found using the transient thin skin technique wih 

with a single copper/constantan thermocouple. This technique was 

described in section 2.2.2 of the first part of this report. 

Prior ~o each test a 0.2 KW heater is placed around the cylinder 

which gives it a uniform temperature of about 100°C. Pneumatic 

jacks quickly move the heater along the cylinder away from the 

regiDn of interest at the beginning of each test. 

The cylinder and the shear layer generator can be 

moved relative to each other to produce different reattachemnt 

configurations. The analogy between the experiment al .et up and 

an Edney type III interaction is shown in Fig. 28. 

The correspondance between the experiment al set up 

in Fig.28b and the real situation in Fig. 28a is as follows 

First of all, obviously the Mach number above the shear la7er 

la_elled M~ in the Edney report corre,ponds with MI in the 
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experiment. The Mach aumber below the ahear layer in the real 

situation is M3 which is subsonic (M3= 0.4) where as in the 

model there is a cavity flow. Edney refera all the statie pressure 

measurements to the total pressure P20 behind a normal shock at 

the free stream Mach number. Again the analogy assumes that 

since M3 « 1.0 the static pressure is approximately equal to 

the total pressure so that the caTity pressure on the model 

corresponds to P20. Unfortunately. the cavity pressure is not 

constant for different geoaetries where as Edney's P20 oDly 

depeads on the free stream Mach aumber. Coasequently. siDce with 

the model.the cavity presBure wa. approximately equal to the 

free stream static. all pressures were referred to this. 

The analogy extends to the heat transfer measurements 

of course. In the Edney report the heat transfer measurements 

have been normalized with respect to the stagnation point heat 

transfer rate at the free stream Mach namber. By assuming that 

the shear layer had been generated by an Edney type 111 shock 

intersectio~ it is possible to calculate an equivalent hyper

sonic free stream Mach number. By then assuming that the caTity 

statie pressure,measured on the mOdel,is equal to the total 

pressure of the flow on the subsonic side of the shear layer in 

'he hypersonic interaction case. then the equivalent hypersonic 

free stream statie pressure can be found. By assuming the same 

total temperature in both flows it is possible to calculate the 

equivalent flow Reynolds number. The equivalent hypersonic flow 

R 1 
. 1 . 

eynG ds number 1S 2! the Reynolds number of the flow used 1n 

the experiment. 

From these calculations a stagnation point heat trans

fer coefficient in the equivalent bypersonic rlow can be evaluated. 

The heat transfer measurements are referred to this value. q20. 
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3.3 Results and diseuesion 
3 

The heat transfer rate is highly dependent upon 

whether the reattaehing shear layer is laminar or turbulent. 

Experiments were to be carried out in both these regimes and 

it was therefore neeessary to examine the flow earefully to 

distinguish between these regimes. 

This was done by using a eriterion ~eveloped by 

Ginoux (Ref. 28) in eonjunetion with shadowgraphs. The erite

rion is based on the fact that a separated reg ion in laminar 

flow inereases in size as the Reynolds number is inereased. 

As the Reynolds number ~s inereased further and transition 

oeeurs the separated length decreases sharply. Finally, when 

the Reynolds number reaehes a high enough value, the flow 

beeomes completely turbulent and the separated length increases 

again. Thus a pressure tapping suitably plaeed in the separate 

region ean be related to the separated length and hence the 

flow regime ,as shown in Fig. 29 • 

During the experiment the statie pressure tapping 

was on the cylinder in the reattachment region so that it cor

responds to the pressure tapping P2 in the explanatory diagram 

of figure 29 • 

The Reynolds number of the shear layer was varied by 

changing the tunnel stagnation pressure and the distance between 

the shear layer generator and the cylinder. 

The results of this part of the investigation are 

shown in Fig. 30. The statie pressure trends ' in the reattachment 

region are clearly shown and are in agreement with the predic

tions made by Ginoux in referenee 28. The evidenee shown in 

figure 30 enables the measurements made later in the main body 

of the tests to be definitely labelled laminar or turbulent. 
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3.3.2 Flow visualization ----------
Two photographs of the flow using the shadowgraph 

technique are shown in Fig. 31. In Fig. 3la an obviously 

laminar shear layer is shown reattaching to the surface of the 

cylinder. The reattachment is of the grazing type but even so 

a weak oblique shock can be seen emanating from the reattachment 

region. 

The photograph of Fig. 3lb illustrates a typical 

turbulent flow configuration. The double image of the oblique 

shock at reattachment is caused by the span effect. 

For the laminar tests the shear layer remained substan

tially straight, and reattachment occurred high up on the 

cylinder producing a weak oblique shock. To obtain a turbulent 

shear layer, the length L, had to be doubled to produce the 

necessary Reynolds number as shown in Fig.3lb. Because of this 

the shear layer tended to reattach to the cylinder at more 

abrupt angles than the laminar shear layer. This produced in 

some cases strong oblique shocks of the bow shock type at reat~~ 

tachment. 

3.3.3 Statie pressure and heat transfer distributions -------- --------------
Three model geometries were tested in the laminar 

flow regime, with the vertical cylinder displacement l = 0, 

0.33 and 0.635. The length L was fixed at 11.5 mmo Two runs 

were made in each case with the tunnel stagnation pressures set 

at approximately 80 mm Hg and 100 mm Hg. The pressure distribu

tions are shown in Fig. 32. The statie pressure measurements 

have been referred to the free stream statie pressure. All three 

sets of test points illustrate the same trend, i.e., lOW pres

sure at 9 = 0, which is approximately equal to the cavity pres

sure, the pressure then rises to some peak value in the shear 

layer reattachment region before falling again towards 9 = 90°. 
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The pressure peak itself is increasi~g in S1ze and 
. h.. . 

mov1ng around the cy11nder as R 1S 1ncreased. Two l1nes have 

been added to Fig. 32 to try and give a certain amount of per

spective to the measured values. The first of these lines is 

plotted in an attempt to relate these results to Fig. 5.9 and 

Fig. 5.12 of the Edney report. It shows the theoretical maximum 

pressure rise, calculated in the same manner as Edney, i.e., 

once the Mach number (M > 1) of the flow above the shear layer 

is known then an oblique shock pressure rise can be related to 

the local cylinder surface inclination. Measurements with a 

pitot probe above the shear layer suggest that the Mach number 

there to be approximately 1.95. 

The statie pressure rise through a normal shock at 

M = 1.95 has also been plotted in Fig. 32 • 

The results of the heat transfer rate survey are shown 

in Fig.33 • The test points have been omitted for clarity, the 

scatter is about ! 10%. 

By referring both the statie pressure distributions 

and the heat flux distributions to quantities which themselves 

we re a function of free stream Reynolds number, then the effect 

of the Reynolds number on the results tends to be masked. 

The heat transfer distribution about a cylinder 1n 

uniform flow at the equivalent hypersonic Mach number and 

Reynolds number has also been shown for comparison. The effect 
h of R can be clea?ly seen, following the same trends as the statie 

pressure distributions with the larger values of *, causing a 

more abrupt reattachment and higher peak values of statie pres

sure and heat transfer rate. 

The relative positions of the heat transfer and statie 

pressure peaks are shown in Fig. 34. for these laminar results. 

the pressure peak occurs before the heat transfer peak as in the 

laminar cone cavity results shown on Fig. 25. 
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The static pressure distributions for the shear layer 

reattachment in the turbulent regime are shown in Fig. 35. 

These tests were done with * = 0 and : = 0.33, with L = 36 mmo 

Again the Reynolds number effect is masked by the choice of 

reference pressure. 

In the shadowgraph examination it can be seen that 

the turbulent shear layer curves downwards slightly into the 

cavity. The pressure distributions in Fig. 35 confirm this ~m

pression since the peak pressure occurs at approximately e = 55°. 

The heat transfer distributions for the turbulent 

regime are shown in Figs. 36 and 37. For both cases of * = 0 

and : = 0.33, the heat transfer rate shows slight dependence on 

the Reynolds number. Test points have again been omitted for 

clarity. The scatter is about + 10 % about the lines ~hown. 

In the cone cavity results presented in the first 

part of this repart it was observed that in the laminar regime 

the pressure peak occurred before the heat transfer peak and 

that in the turbulent regime the reverse was true. This reversal 

is observed in one case for the reattaching shear layer results. 

For : = 0 the heat transfer peak occurs at about 54° whilst the 

pressure peak also occurs at about 54°. With ~ = 0.33, however. 

the heat transfer peak is between 40° and 44° depending on the 

Reynolds number, whilst the pressure peak occurs at about 47°. 

The possible reasons for the different trends in the laminar 

and turbulent results were discussed in section 2.3.2. 

Bushnell and Weinstein (Ref. 27) have correlated the 

peak heat transfer rates associated with the reattachment region 

of a ramp induced boundary layer separation in both the laminar 

and turbulent regimes. 

The peak Stanton number is related to a Reynolds number 

based on the distance between reattach.ment and _peak. heating. The 

Stanton number and the Reynolds number being evaluated using 

local conditions. It is argued that the distance between reattach-
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ment and peak heating in both laminar and turbulent flow is of 

the order of the incoming boundary layer thickness, the arrange

ment is shown diagrammatically in Fig. lof Ref. 27; sa 

and for laminar boundary layers 

h max 
Cl 

and for turbulent boundary layers 

h max 
Cl 

This type of correlation was highly successful for the 

experimenta~ results dealt with by Bushnell and Weinstein. 

In the present experiments 1n which reattachment occurs 

on a curved surface where the radius of curvature is small and 

the reattachment is of the grazing type the correlation no longer 

holds. In fact, the peak Stanton numbers for the laminar results 

of bath the cone-cavity and the reattaching shear layer experiments 

are approximately half the value expected from a Bushnell and 

Weinstein type of correlation. On the other hand, the correlation 

under estimates the turbulent peak Stanton numbers. 

There is thus experiment al evidence that when the 

surface radius of curvature is small it has astrong influence 

on the peak heating in reattachment regions and it is proposed 

to examine this theoretically using an integral theory. 
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3.4 Conclusions 

Detailed measurements of statie pressure and heat 

transfer rate distributions have been made as a shear layer re

attaches to the surface of a cylinder. The shear layer 

generator/cavity/cylinder combination have exhibited the same 

characteristics as those found by Edney for a type 111 shock 

wave interaction. By drawing an analogy between the model 

cavity pressure and the total pressure behind a normal shock 

at a hypersonic free stream condition. the peak pressures 

measured on the cylinder show the same trends and levels as 

found by Edney to exit for type 111 interactions. 

Edney found that there existed a correlation between 

the peak heating and the peak pressure for a type 111 inter

action of the form 

and for M = 7.0 A = 1.1 
~ 

M = 4.6 A = 2.2 = 

with the present results 

M = 2.21 A = 2.4 and the index is 0.32. 
m 

The turbulent results are difficult to correlate in 

this way since for at a given peak pressure the heat transfer 

peak value was highly dependent on the Reynolds number. 
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