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ABSTRACT

The static pressure and heat transfer rate distribu-
tions have been measured in the reattachment region of free
shear layers, In the first part, a cone/cavity model and the
effects of gas injection 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 wave
interaction, 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 shear 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 compared 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 of a two-dimensional shear layer 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 peaks, The aim of this experiment
is to reproduce the essentials of a steady two dimensional

shock wave interaction,



2, TURBULENT CONE=CAVITY FLOW =

THE EFFECTS OF GAS INJECTION

2.1 Introduction

The flow separation caused by a cavity on the surface
of a hypersoniec body considerably modifies the surface distri-
butions of static pressure and heat transfer rate in that region.
Whilst in the separated region itself these gquantities 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, 1k,
17, 18, 23).

Ginoux and Thiry (Ref, 2) have verified that in the
case of laminar cone/cavity flows the injection of gases which
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 static pressure and heat
transfer surveys are presented and compared with the results

of the earlier laminar tests,

2.2 Experimental equipment

2.,2.,1 Ki_xld_tg_nﬁei

The investigation was carried out in 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




number was 5,330,025,

The tunnel stagnation pressures used were from 28,8
atmospheres to 31 atmospheres with stagmation temperatures
between 160°C and 220°C. These conditions gave free stream
unit Reynolds numbers in the range of 3,28 to 4L,04x10° per

centimeter.,
26l el ld_o_q_e_l_s

The models used in this series of tests are identical
with the models used by Ginoux and Thiry in reference 2 with
the exception that the present models possess roughened noses
so that the boundary layer becomes turbulent prior to separa=-
tion. The roughnesses have the form of small steps on the

forecone and details of these are shown in Fig. 1.

Two models were used, one for pressure measurements
and the other for heat transfer studies, Their geometries differ
slightly as shown in Fig, 2 and Fig, 3. The pressure measurement
model has twenty eight static pressure tappings., Tapping number
one on the forecone measures the cone pressure to which all pres-
sures are referred, Numbers two and three are in the cavity

whilst the distribution of 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 reference heat transfer rate downstream of the cavity,

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

Both the static pressure tappings and the thermocouples
are staggered by an angle 6 to allow a very detailed examination
to be made in the shear layer reattachment region,

2.2.,3 Gas injection system

Four gases, including air, were used as injectants




during the tests. Two of them were lighter than air : hydrogen
and helium, and one was heavier than air, namely, freon 12,

No heat transfer measurements were taken for hydrogen injection.

The gases were injected through an annular port in
the cavity at floor 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 calibrated sonic
orifice plates, This calibration 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 magntained upstream of the orifice

plates,

Careful design of the modeél's interior produced varia-
tions of entry velocity into the cavity of less than 1%, The
injectant mass flow rates were referred in both the lamimar
case and the turbulent case ‘to the theoretical mass flow con=-
tained in the boundary layer at separation, Thaus the normalized

injectant mass flow is

Qin' where Qinj = injectant mass flow rate
Qe =-—l
q QBL QBL = boundary layer mass flow

at separation point
2.2, Model alignment

The model was initially set at zero degrees yaw and
incidence related 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 measurements 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 :



. 3T
q = pcd 33

where p+ skin density = T7.68 gm/cm3
c specific heat = 0,11k cal/gm°K

d effective skin thickness

During the experiment the tunnel was started wery
quickly, the model being initially at a uniform temperature,
The slope %% of the temperature-time graph was measured at a
very small time after starting the tunnel. At this time,
ideally the model is still at & uniform temperature and there=-

fore little conduction will be taking place within it,

2.3 Results and discussion

2.3.1 Elgw_v_i_s_t_.l‘a_l_i_z_a.gign_r_e_s_gl;t_s

Photographs of the flow past the cone/cavity model
were obtained using the shadowgraph technique, These are shown

in Figs, 5a to 5m,

The flow regime shown in Fig.,58 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

pressure is below the cone pressure for zero mass injection,

The particular circumstances governing the flow over
a cavity having flush lips have been described in the literature
(Chapman, et al,) as the following.,
The flow regime is governed by two effects, Firstly, the shear
layer has a scavenging 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 mass flow which has been entrained by the shear
layer. The equilibrium condition in this particuler experimeny

is one in which 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 regime is modified by the injection of gas
into the cavity. In Figs, 5b and Sc, the injectant is air, At
low injectant mass flow rates shown in Fig, 5b and 5¢, there
is no discérnable 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 Fig,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 wave 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, 5]
to 5m ., It is apparent that helium mass flow ratios of 0,05
are sufficient to weaken the reattachment compression wave,
whilst for a cq value of 0,131 the rear compression wave 1is
standing well off the body with the separation compression
wvave well defined, In Fig., 5m the separation wave is even more
intense with a grazing type of reattachment being indicated at

the shoulder,

The results of the shadowgraph examination for the
turbulent shear layer exhibit the same trends as the laminar

results of Ginoux and Thiry (Ref, 2) in that again the lighter



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

region.

2:3.2 grssiuie_ay_d_hgai Er_a._nif_e_r_m_e_aguaeae_n_ti

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 Fige 9. In all these figures the effect of mass injection
is to reduce the pressure levels leaving the form of the dis=

tribution unaltered.

In studying these four figures, it is obvious that
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, after
being normalized with respect to the peak pressure for zero
injection, is plotted against g The laminar results have also
been plotted on this figurej; it should be remembered, however,
that the reference mass flow for calculating cq is different in

the laminar case,

A study of the shadowgraphs in conjunction with Fig.,
10 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 well bedow that for the laminar regime,
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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
in this way illustrates the difference in the sensitivities

of the laminar and turbuent regimes to the injectant mass flow,

Examination of Figs. 6 to ‘9 in conjunction with
Fig.1l1l 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 cawity 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 again
recalling the laminar results of Ref, 2, the reattachment pres=-
sure peaks can uve plotted against the cavity pressure as shown

in Figo 13.

Both these figures show excellent correlation for cases
in which the shear layer is expanding down into the cavity. As

the cavity pressuré increases the shear layer tends to graze



the reattachment shoulder and consequently the peak pressures
decrease, However, once the cavity pressure exceeds the cone
pressure the shear layer starts to lift off the reattachment
shoulder so that 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 is shown in Fig, 17. The efficiency of the

lighter gases is shown clearly.

The dependence 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 detail, it is inter-
esting to study the relationship between the peak heating and

the peak pressure for both the turbulemt and leminar regimes,




The results plotted in this way are shown in Figs, 20 and 21,

Both the laminar and the turbulent results show a
linear relationship 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 similar way to Bushnell and Weinstein (Ref, 27) based on the
peak heating, the peak pressure and the wall temperatures such
that

q
max
St =
max P
max
R T
w

u cp(To-Tv)

wvhere u is the velocity just downstream of the oblique shock
vhich for shallow reattachment angles is approximately
equal to the cone velocity.,

The reference Stanton number is thus written as

q
ref

Stref . Pcone

R Tw “cone cp(To-Tw)
with u = u

cone
s0o that
qma.x i Etmax;max
qref Stref cone

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

qmax .= Pmax

M co——
a £ P

re cone
or
S5t P
max cone

ref max



for turbulent shear layer m = 3,07
-4,81
2,21
= -1,915

(2]
]

for laminar shear layer m
c

The laminar and the tubbulent 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,

Stref is different for each case so that the vertical
position of the curves will depend upon the chosen reference
Stanton number, Nevertheless, it is seen that the dependence
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 1is

done by the eddies within the flow,

The distributions of heat transfer and static 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 static pressure peak.

On the other hand, for the turbulent shear layer, the heat trans-
fer peak is upstream of the static pressure peak, In both cases,
the heat transfer is related to the static pressure through the
density; in the laminar case the acceleration downstream of the

pressure peak increases the wall temperature gradient, whilst in



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 % ° upwards, On the other hand, during the turbulent tests
changes of incidence of up 2° produced very little change in

the annular pressure distribution,

2.4 Conclusions

Measurements of static 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 in 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 imn Ref, 27, it was
found that the maximum Stanton number at reattachment, referred
to some reference value, showed the same dependence 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 region 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 shceck
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 uander
which each may occur, Edney's type III intersection results in
very high peak values of heat transfer at the point where a
shear layer generated by the intersecting shocks, attaches to
the surface of the body. Under type III conditions, the shear
layer separates a subsonic region near the body from a supersonic

region wvhich, for most free stream Mach numbers of interest, is
between 2,0 and 3,0,

The experiment described in this report is concerned
with measurements of static 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 Eigd_t_\_z_n&e}_

The experiment was carried out in the VKI supersonic
wind tunnel S-=1l, 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 varied between 80 and 190 mm Hg.abs, with stagnation
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temperatures between 295°K and 310°K, These gave a unit

Reynolds number range of between 1,3x10® and 3,1x10° per meter,
3.2,2 _h_d_o_clei

The model consists of a shear layer generator fixed
upstream of a horizontal cylinder perpendicular to the free
stream which is 6 mm diameter and 250 mm long. The arrangement
is shown diagramatically in Fig. 26 and a photograph of the
model is showm 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 of the shear layer,

The pressure tapping is connected to a Statham
differential pressure transduger of the strain gauge type having
a range of 0 to 1,0 1bf/in?, The signal from 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 to 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

region 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 experimental det up and

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

The correspondance between the experimental 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 layer

labelled My in the Edney report corregponds with M; in the



experiment. The Mach number below the shear layer in the real
situation is M3 which is subsonic (M3= O,4) where as in the
model there is a cavity flow. Edney refers all the static pressure
measurements to the total pressure P35 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 cavity pressure on the model
corresponds to Pzp. Unfortunately, the cavity pressure is not
constant for different geometries where as Edney's Py only
depends on the free stream Mach number, Comsequently, since with
the model, the cavity pressure was 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 nmmber, By assuming that
the shear layer had been generated by an Edney type III shock
intersection it is possible to calculate an equivalent hyper-
sonic free stream Mach number. By then assuming that the cavity
static pressure,measured on the model, is equal to the total
pressure of the flow on the subsonic side of the shear layer in
the hypersonic interaction case, then the equivalent hypersonic
free stream static 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
Reynelds number is gt-the Reynolds number of the flow used in

the experiment,

From these calculations a stagnation point heat trans-

fer coefficient in the equivalent hypersonic Flow can be evaluated,

The heat transfer measurements are referred to this value, Q2q.
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3.3 Results and discussion

3.3.1 Criterion for laminar/turbulent shear layer
The heat transfer rate is highly dependent upon
whether the reattaching shear layer is laminar or turbulent,
Experiments were to be carried out in both these regimes and
it was therefore necessary to examine the flow carefully to

distinguish between these regimes,

This was done by using a criterion developed by
Ginoux (Ref. 28) in conjunction with shadowgraphs., The crite -
rion is based on the fact that a separated region in laminar
flow increases in size as the Reynolds number is increased.
As the Reynolds number is increased further and transition
occurs the separated length decreases sharply. Finally, when
the Reynolds number reaches a high enough value, the flow
becomes completely turbulent and the separated length increases
again. Thus a pressure tapping suitably placed in the separate
region can be related to the separated length and hence the

flow regime,as shown in Fig, 29,

During the experiment the static pressure tapping
was on the cylinder in the reattachment region so that it cor=-
responds to the pressure tapping P; 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 static pressure trends in the reattachment
region are clearly shown and are in agreement with the predic=-
tions made by Ginoux in reference 28, The evidence 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 Flov_visuelization_

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, 31b illustrates a typical
turbulent flow configuration. The double image of the obligue

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, 31b, Because of this
the shear layer tended to reattach to the cylinder at more
abrupt angles than the laminar shear layef. This produced in
some cases strong oblique shocks of the bow shock type at reate:

tachment.,
3.3.3 Static_pressure

Three model geometries were tested in the laminar
flow regime, with the vertical cylinder displacement %-= D4
0,33 and 0,635, The length L was fixed at 17.5 mm. 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 static pressure measurements
have been referred to the free stream static pressure, All three
sets of test points illustrate the same trend, i.e,, low pres=-
sure at 6 = O, 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 6 = 90°,
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The pressure peak itself is increasing in size and
moving around the cylinder as %»is increased, Two lines 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
Fige. 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 static 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 static pressure distributions
and the heat flux distributions to quantities which themselves
were 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 in
uniform flow at the equivalent hypersonic Mach number and
Reynolds number has also been shown for comparison, The effect
of & can be clearly seen, following the same trends as the static

R

pressure distributions with the larger values of causing a

h
R
more abrupt reattachment and higher peak values of static pres-

sure and heat transfer rate,

The relative positions of the heat transfer and static
pressure peaks are shown in Fig, 3&; 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 & = O and § = 0,33, with L = 36 mm,
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 ime-

pression since the peak pressure occurs at approximately 6 = 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 showvs slight dependence on
the Reynolds number, Test points have again been omitted for

clarity. The scatter is about + 10 % about the lines shown.

In the cone cavity results presented in the first
part of this report 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 L4O° and 4L° depending on the
Reynolds number, whilst the pressure peak occurs at about hre,
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 reattachment 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, 1 of Ref, 2T; so

§
8

X, = oy
P 51n(6f-es)

and for laminar boundary layers

=S
B ax & Pyt3 P4
pwuacp B, 31n(ef-687

and for turbulent boundary layers

: 1-0,2
hmax . e 6s
Dwu3cp My 51nTBf-e;t

This type of correlation was highly successful for the

experimental results dealt with by Bushnell and Weinstein.

In the present experiments in which reattachment

occurs

on & 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 both 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 experimental evidence that when the

surface radius of curvature is small it has a strong 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 static pressure and heat
transfer rate distributions have been made as & 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 III 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 III interactions,

Edney found that there existed a correlation between
the peak heating and the peak pressure for a type III inter-

action of the form

q P 1,35
geak * Al Eeak)
q20 P2o
and for M°° = T,0 A= 1,1
M = L,6 A= 2,2

with the present results
M = 2,21 A= 2,4 and the index is 0,32,
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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Fig.26 - DIAGRAM OF CYLINDER AND SHEAR LAYER GENERATOR .
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Fig.29- DIAGRAMMATIC EXPLANATION OF THE LAMINAR / TURBULENT
BOUNDARY LAYER CRITERION.
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