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SUMMARY

_ The effect on the reattachment pressure and heat
transfer peaks of injection of air and foreign geses into the
separated region of the laminar flow over a cone cavity model

has been investigated at M = 5,3,

Injection has generally a favorable effect in reducing
these peaks, light gases being more effective, A correlation
factor is given to relate together the effects of various
gases, A surprizing similarity is found with theoretical and
experimental results for unseparated flows over porous walls,

Occasionally, very high frequency flow unsteadiness has been
observed,
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NOTATIONS

specific heat of model skin materieal

injection rate coefficient; cq * oinj/nBL

skin thickness of heat transfer model

correlation factor

cavity width

molecular wveight of injected gas

static pressure

cone pressure

heat transfer per unit area and unit time

heat transfer on a cone

mass flow injected into the cavity

mass flow in the boundary layer at seraration

time

temperature

skin temperature

curvilinear coordinate with its oripin defined in
the sketch on page 10

density of model skin material

azimuth of pressure tars or thermocouples (fir,la=1b)




l, INTRODUCTION

For a number of years, it has heen known that the
presence of a cavity in the surface of a hypersonic body gives
rise to a significant redistribution of surface pressure and
heat transfer to the body (refs 1,2,3). Specifically, these
quantities are reduced in the region of separated flow, but
experience a sharp increase within the vicinity of reattachment,
followed by a decr~n=e *+nward the undisturbed valves in the
downstream area. For practical applications, the primary undesir-
able feature of this phenomenon is the elevated pressure and heat
transfer at reattachment, This fact justifies further research
into methods of substantially reducing these peak values,

In this regard, it has been previously theoretically
predicted and experimentally verified that injection of a small
amount of gas (a fraction of the mass flow in the boundary layer
at separation is sufficient) into the separated region esccom=
plishes this result (refes 1,4,5,6),

The investiration of reference € was directed toward
provision of detailed static pressure and heat transfer distri=
butions over the entire surface cf cone=cavity models with and
vithout air injection into the cavity st a free stream Mach
number of 5.3, Emphasis was given to the reattachrent region by
using a cavity with a rounded reattachrent shoulder, ns opposed

to Nicoll's cavity which had 70° sharp corners,

The present study is an extension of the wvork done in
reference 6 whereby the effect of foreipn ras injection has been
included, Light pases (helium and hrdrogen) and heavy rases
(freon and carbon tetrachloride vapor) vere used in addition to

air as previously tested.
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2., EXPERIMENTAL EQUIPMENT AND TEST TECHNIOUES

2.1 Wind tunnel

All experiments were conducted in the VKI hypersonic
blowdown tunnel ll=1 at a free streanm 'lach number of 5.3, The
size of the test section is 12x1? em?, pivine a uniforn flow
with + % percent variation in Mach number., The stagnation
temperature was about 220°C, The stagnation pressure was 15 atms,
corresgronding to a free stream Reynolds number of 1,62x105 per

centimeter.,
2.2 Models

The basic model configuration is a 10° semi-apex
angle cone incorporating an annular cavity of the short=deep
type. The pressure and heat transfer models are shown in fipures
la and 1b respectively., Dimensions are in millimeters and one
should note the slight differences in nose length and cavity
width of the two models, The radius of the rounded reattachment

shoulder is equal to U mrm,

The locations of the pressure taps and thermocouples
are given in the tables shown in these fipures, x in millimeters
is the curvilinear coordinate along the model renerator, with
its origin at the junction between the shoulder and the after-
cone (see sketch on page 19), After machining, this junction was
difficult to locate relatively to the rressure tars or thermo=-
couples and, as a result, an error of 0,1 to 0,2 mn is possible
on all the x-coordinates for each of the two models, The detailed
determination of reattachment pressure and heat transfer rises
required that several sensors (pressure taps or therrmocouples)
be located within a distance of ¢ millimeters in the vicinity
of reattachment, In order to do so, they had to he etappered by




an angle 6 given in the tables of figures la,lb, Three pressure
taps (# 1,2,3) are not indiceted in figure la, ¢ 1 was located
on the forecone, 20 mm upstream of the cavity and was used to
measure the cone pressure to which all the other measured pres=-

sures were referred, Pressure taps ¥ 2,3 were inside the cavity.

The injected gas entered the cavity tanpgentially to
the floor from an annular port (1 mm wide) located at the base
of the reattachment shoulder, The interior of the mcdels was
designed in such a way that the measured velocity variations at

the slot exit were smaller than one percent.

The pressure model was designed with 0.45 mm inner
diameter tubing connec*ed to l2~tube rotary velves and a dif=
ferential transducer, The output of the transducer was recorded

by a digital printer giving three significant figures,

2.3 Model adjustment

In reference 6, each of the two models was adjusted to
zero incidence and yaw by using a set of four alignment pressure
taps located at a single axial station three cavity widths up-
stream of the model base and spaced 90° apart, However, it was
later discovered that under these conditions the reattachment
pressure and heat transfer peaks did not remain constant when the

models were rotated by 20 and 180 deprees around their axes, but

varied by about 12 percent, This was due to small non=uniformities

in the free strean.

For this reason, in the rresent study, the incidence
and yaw were adjusted in order to measure the same peaks (either
pressure or heat transfer) at the 0, 90 and 180 deprees

azimuthal positions,
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2.4 Heat transfer technique

Heat transfer rates vere measured by the thin skin
technique, The heat transfer model, machined from stainless steel
is the same as used in reference 6, Its skin thickness varies
from 0,5 to 0.6 mm (instead of 0,8 mm as incorrectly measured
in reference 6), Copper constantan wires of 0,06 and 0,1 nmm
diameters were inserted into 0.25 mm holes drilled through the

model skin and soldered,

The model, initially at room temperature, was suddenly
exposed to the air stream when the hypersonic tunnel was started
using a quick opening valve., The temperature-time histories as
vell as the tunnel stagnation temperature were measured on a
l5=channel CEC galvanometric recorder, The heat flux to the model
surface per unit aree and unit time was computed from the equation

3T

»
qQ = pcd 3T

vhere p = 7,68 gr/cm3 and ¢ = 0,114 cal/gr.dep are the density
and specific heat of the stainless steel used to fabricate the

model skin, a™

ie the effective skin thickness,i.,e, the measured
thickness (d) multiplied by a correction factor function of the
local geonetry of the model; either a torus for the resttachment
shoulder or a cone further downstrean, %% is the temperature~-
time derivative measured,for esch of the thermocouples, approxie
mately 0,1 second after the tunnel was started, At that time,
the model temperature (Tw) wvas still uniform and equal to the
room temperature; thus, no correction for transverse heat con=-

duction along the skin was attempted.

The measured heat flux (q) was referred to the theore-

tical pure cone value (qc) evaluated at the seame distance from




the model nose. The cone temperature was taken equal to Tw’ The
recovery temperature was calculated from a constant recovery
fector equal to 0,83, verified experimentally, and the stagnation
temperature measured at the same time as %% vas recorded, The
stagnation temperature did not always rise monotonously when the
tunnel was started, but often reached a plateau for a very short
time interval, during which %% was recorded, before reaching its
final value. In these conditions, the plateau value was used in
the data reduction rather than the final value which was approxi=-

mately 10 to 20 degrees higher,

2.5 Injection plant

The gases used in the nresent investipation are iden-
tified in table I. The injection plant, used to supply precise
amounts of these gases to the plenurm chamber of the cavity nodel,
is schematically shown in fipure 2, It consists of two parts;
part (a) is used for the injection of dry air, freon, helium or
hydrogen and part (b) is used for the injection of carbon tetra=-

chloride whiech is liquid under stendard atmospheric conditions,

In part (a) of the injection plant, the gas flows
through a sonic orifice disc so that the injection rate is
essentially proportional to the stagnation tenk pressure which
is controlled manually by a needle valve, To cover the ranges of
rass injection rates desired for the various gases, several
interchangeable orifice discs were necessary, These were cali=-
brated by mnaintaining a constant tank pressure while the mas
passed, for a measured amount of time into a downstream tank of
known volume, initially evacuated. By rneasuring the initial ang
final pressures and temperatures in the downstream reservoir the

mass flow could be accurately calculated,
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In part (b), carbon tetrachloride is boiling at 76.8°C
under atmospheric pressure in & boiler (1). The vapor, which is
maintained hot in a water tank (9), flows through a diaphragm
(7T) and then expands through a manually operated needle valve
(2) which controls the mass flow. Initially, air is evacuated
from the injection plant by means of a vacuum pump (3). When
pure carbon tetrachloride vapor reaches the condenser (4), a
partial vacuum is automatically maintained after switching off
the vacuum pump. Just before starting the tunnel, & supersonic
ejector is used to reduce the pressure in the tunnel diffuser
and test section to about one tenth of an atmosphere, Then
valve (5) is opened and valve (6) closed, The gas is then driven
through the system by the low pressure that exists in the model
cavity., After starting the tunnel, the cavity pressure further
decreases and the rate of gas injection remains the same, The
mass flow is measured by a calibrated diaphregm (7) and & rres=-
sure transducer, Its calibration was made as described for
part (a) of the injection plant.

In this report, the injection rate is normalized with
the theoretical air mass flow rate (OBL) in the boundary layer
at separation:

Q.
c = —=BRJ
q a]
BL

QBL vae calculated from the theory of Chapman and Rubesin after
applying a Mangler transformation, It was based on the stagnae-
tion conditions measured in each of the tests, QBL vas equal

to 21.7 liters/minute, based on standard conditions, for stag-
nation conditions such as 220°C and 15 atms assuming a wall
temperature of B80°C for the pressure model and 22,2 liters/minute
under the same conditions for the heat transfer model at a wall

temperature of 27°C. ¢, vas varied in the tests in steps over
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different ranges for the different gases, such as zero to 0.1

for hydrogen, zero to 0,45 for air, etc.

It was impossible to inject gas into the cavity with

zero momentur.Calculation shows for instance that, at a value

of cq of one quarter for air (which is sufficient to supnress
the reattachment pressure and heat transfer neaks), the injected
momentum was of three percent of the momentun contained in the
boundary layer at separation, This is sufficiently smell to
have none but little effect on the flow, It was indeed confirmed
by the fact that the pressure distridbution did not chanpe when,
in a separate test, air was injected normally to the cavity

floor through a series of small holes, lowever, it is possible
that such an effect exists when light pases are injected, Indeed
at a value of cq equal to one quarter, the injected momentum

of hydrogen is anproximately half that of air in the houndary

layer at separation.

3. RESULTS AND DISCUSSION

3.1 Flow visualization

Tvpical schlieren anéd shadow rhotrrraphs of the flow
over the cavity moaev. «re presented in firures €,7 and 8 for

various injection rates. They show the fTollowinpg results:

At c, =0 (no injection), an exnansion fan exists at
separation and a shock appears at reattachment, in amreerent
with the pressure date of figmure 3 (the neasured cavity nres-

sure is lower than the cone pressure). VWith increasing injection

rate, the senaration exnansion and reattachrment shock both
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diminish in intensity., At a certain value of €y the separation
expansion completely disappears and at higher injection rates
it is replaced by a separation shock, For air, figure 3 shows
that this value of cq is of about 0.13., The reattachment shock
becomes very weak but never disappears., It moves slightly
forwvard for higher injection rates, which corresponds to the

upstream displacement of the pressure reak seen in figure 3,

At cq * 0, the flow is laminar over most of the body
surface; transition is located approximately ten millimeters
upstream of the base (i.e,, at % = 6), With increasing injection
of air or light gases, transition seems to remain fixed first
end then travels upstream, Vith freon injection, transition first
moves downstream, This is seen by comparing the photographs of
figures 8a to 8d, For ¢y ™ 0, transition is 10 to 15 millimeters
upstream of the base while at values of ¢, UP to .22 there is
no indicetion of traensition over the entire model surface. Then
for an injection rate of .28 transition again appears (figure
8d) near the model base,

‘ At large values of Cqr such as 0,7 for air, transition
is located approximately one or two cavity lengths downstreamn of
reattachment, This explaeins, in figures S5a to 54, the increase in
heat transfer for % larger than one to twvo at large values of
Cq

Occasionally a third shock, located between the separa-
tion and reattachment shocks, was observed on the flow pictures,
particularly at large injection rates of light gases, This shock
is rooted in the free shear layer. A typical example is shown for
the case of helium injection in figure 9a, With light gas injec=
tion, the velocity at the exit of the injection slot becomes

large (sonic) and it is possible that a high speed jet forms




which hits the free shear layer in the region where the third
shock appears, However, such a hipgh speed jet was never visidle

on the flow pictures,

Another possible explanation can be obtained from the
observation that the flow over the cavity appeared to be unsteady
in some cases, This can be seen in fipgure 9%a or its enlargement
shown in figure 9b, Indeed, the bright line which is characterise
tic of a laminar type boundary layer, is rather wavy downstrean
of the cavity. This suggests the existence of periodic pressure
fluctuations in the cavity. The frequencies vere estimated to
be of order 5x10° Hz, To further substantiate this, two schlieren
pictures of a supersonic flow over a cavity are shown in figure
10, They were taken by the authors in the VKI supersonic tunnel
S=1 at a free stream Mach number of 2,2 in the course of a
previous unpublished study. One of the pictures (10a) is taken
with a spark light source with an exposure time of a few micro-
seconds and it showse the wave pattern produced by the flow
unsteediness, Hot wire measurements made in the cavity indicated
that the frequency of the oscillations was of about 10 to 15
thousands cycles per second. The second photograph (fig, 10b)
represents the same flow with a longer exposure time (?% sec),

It reveals only the envelopes of the unsteady waves whose number
was found to depend upon the cavity width, These envelopes are
rooted in the free shear layer exactly like the "third shock"

observed in the present study.

It is thus possible that the third shock observed in
the present study is the envelope of unsteady waves emitted from
an oscillating free shear later and, although the shadowgraphs
were teken with only one millisecond exposure time, the frequency
of the oscillations was so much hipher than in the supersonic

case that only the envelope of the waves was visible,
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3,2 Pressure measurements

The static pressure distributions measured without
injection (cq = 0) and with injection of five different gases
are shown in figures 3a to 3e, In these figures, the static
pressure is referred to the cone pressure (pc) measured on the
forecone, 20 millimeters downstream of the nose, L is the cavity
width (i,e, 12 mm) and x is the surface distance measured along
a model generator with its origin at the junction (R) of the
reattachment shoulder and the afterbody, as shown in the sketch,

=\2 A 3 7C

o‘ \
YT

/Kﬁ\/r_ \ \ \ \\

cq is the ratio of injected mass flow to the boundary layer mass
flov computed at separation., The pressure measured inside the
cavity is shown on the left side of the graphs, Smooth curves
are fitted through the experimental points in the reattachment
region and further downstream up to % of about 0,8,

Cross plots of figures 3a to 3e are presented in
figure 11, They show thc variation of reattachment pressure

peak with mass injection rate.

From these figures, & number of observations can be

made which illustrate the character of the flow phenomenona

involved,




With zero injection, the cavity floor pressure is ten
percent below cone pressure. The static pressure rises over the
cavity shoulder and reaches a maximum which is 59% higher than
cone pressure, approximately 0,5 mm upstream of the junction
(x = 0) between the shoulder and the aftercone, The existence
of & pressure peak can be physically justified by Chapmen's
criteria of mass conservation inside the cavity, Indeed, a
pressure rise must exist at reattachment in order to return into
the cavity the fluid which has been entrained by mixing with
the shear layer, Thus as the cavity pressure is slightly lowver
than cone pressure, the pressure nust necessarily peak up above
the cone pressure, Figures 3 shows that, downstream of the peak,
the pressure drops first rapidly and then very slowly towards

cone pressure.

Now considering the case of no-zero mass injection,
it is seen from figures 3a to 3e that the cavity floor pressure
increases gradually with injection and becomes higher than cone
pressure, while there is a general decrease of the pressure
level in the reattachment region. The reattachment pressure peak
shown in figure 11, decreases sharply and linearly with increasing
injection while remainig at a fixed position (% ®= -0,05), Then,
it decreases more slowly while moving upstream, until a region
of constant peak pressure, about ten percent higher than cone
pressure, 1s reached, Following this region, the pressure peak
increases slightly with additional injection. Physiecally, by

injecting gas into the cavity, nart of fluid entrained by the

shear layer need not return into the cavity and, therefore, the
renttachment pressure rise is reduced with a corresmnonding

reduction of the pressure neak,

Figure 11 shows that the lighter the rmas is the larpcer
the rate of decrease of peak pressure is, This is in apreement

with theories for incomrressible and compressihle unseparated

T




laminar boundary layers with foreign gas injection (see for
instance refs 7,8,9), These enalyses indeed show that substan=
tial reduction in skin friction and heat transfer can be obtained
by injection of light gas instead of air. This means, for
practical applications, that less storage weight is required

in order to reduce the peak pressure by a given amount when
light gases are used, The curves of fipure 11 are nearly homo=-
thetic, Indeed, they can be approximately superposed by multie
plying the abscissa Cq by a constant factor K. This is shown in
figure 13, vhere the maximum pressure ratio is plotted versus
Kec_y 80 that the curves coincide for a pressure ratio equal to
1.35, Coefficient K is the mass flow ratio of foreign gas to
eir needed to reduce the pressure peak by a given amount, It is
plotted in figure 14 against the molecular weight of the gas in
logarithmic scale,

In reference (7), Faulders presents some numerical
results for the relationship between skin frietion and blowing
rate for a flat porous plate in the case of laminar incompressible
flow without heat transfer., He assumes that the injection velocity
varies inversely as the square root of the distance from the
plate leading edge. His results show the significant effect of
the variation of the density-viscosity product cauced by the
injection of foreign gas. Skin friction decreases with increasing
blowing rate more effectively with light gases than with heavy
ones, Fanlders curves of skin friction versus blowing rate are
nearly linear and it is possible to collapse them together by
multiplying the blowing rate by a coefficient K, which represents
th> mass rlow ratio of foreign gas to air needed to reduce the
skin friction coefficient by a given amount, Typical values of
K, computed from figure 2 of reference 7 are shown in the semi=-
logarithmic diagram of fipure 1L, As seen, these values of K

nearly fall on the curve drawn through the present experimental
data,




In reference 8, Albacete and Glowacki treat numerically
the laminar compressible flow over a porous flat plate assuming
a blowing rate inversely proportional to the square root of the
distance from the plate leading edge. They show that the reduc=
tion of skin frietion with increasing blowing depends largely
on the dengity=-viscosity product of the gas-air mixture at the
wall, itself a function of the molecular weight of the injected
gas, It appears from their results that Mach number has little

effect on the ratio K introduced in the present study.

In reference .3, Craven solves the equations of the
steady compressible two dimensional laminar boundary layer with
foreign gas injection through a porous wall for arbitrary ine
jection velocity, pressure gradient and wall temperature, He
shows that skin friction and heat transfer rate can be substan=-
tially reduced by the injection of light gas instead of air., His
numerical results show little dependence of the ratio K on Mach
number and heat transfer rate, Typical values of K for helium and
hydrogen to air ratios are shown in figure 14, They show again

surprizingly good agreement with the present experimental data.

In conclusion, foreign gas injection is substantially
more effective in reducing the peak pressure at reattachment with
light gases than with air or heavier pases, The measured relative
effectiveness of foreipgn gas and ecir is surprizingly similar to
the calculated relative effect of foreign pas and air blowing
on skin friction in the case of an attached flow over a porous
flat plate for a wide ranpge of Mach numbers, injection velocity
distributions and wall temperatures. This seems to indicate that
the reattachment peak pressure depends upon the density-viscosity

product of aire-gas mixture at reattachment,

e e e i = e et oo e )
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3.3 Heat transfer measurements

The heat transfer distributions measured without injec=
tion (cq = 0) and with injection of four different pases are
shown in figures 4 and 5a to Sd. q is the heat flux per unit
area and unit time and (qc) the comnuted heat flux on a cone
vithout cavity. x is the distance measured along a model generator
with its origin at the junction of the reattachment shoulder
and the afterbody. For the simplicity of comrarison between
pressure and heat transfer distributions, a value of L = 12 mm
wvas used although the cavity width on the heat transfer model
vaes effectively equal tec 11,5 mm, cq is the ratio of mass flow

injected to the boundary layer mass flow at separation,

Figure U shows typical scatter of the heat transfer
distributions measured in seven different runs without injection.,
An average curve, in dotted line, has been drawn through this
data and is replotted in each of figures Sa to 5d which give
the effect of gas injection., Heat transfer to the cavity floor
vas always very small and therefore inaccurately measured; for

this reason it is not shown in fipures 4 and 5.

With zero injection, the heat flux rises along the
reattachment shoulder from a lov value up to about 1,6 times
the cone value approximately at x = 0, (the hirsher value obtained
in reference € is due to incorrect measurement of the model

skin thickness). For x nositive, éL decreases rather rapidly
c
and goes below the cone value as vas nrevicusly ohserved by

Nicoll (4), Aprroximately one -avity width downstream of reat=

tachment, it starts to rise very slowly towsrds the cone value,

The heat transfer reak is nearly equal to the pres-

sure peak, as shown in fipgure 15 which compares the static rres-

i . e . i, A e B g - ity A B s L




sure and heat transfer distridbutions without injection. Assuming
a constant product of Stanton number by the square root of the

locel Reynolds number, one can show that éL varies in hyper-
c

sonic flow like the square root of éL « Thus the existence of

¢
a pressure peak partly justifies the nresence of a heat transfer
peak near reattachment, The latter is further amplified and
displaced downstrear with respect to the nressure peak by the
effects of the strong pesitive and nerative rressure gradients

on the Stanton number.

With injection, fipgures 5a to 54 show a decrease of

the heat transfer ratio éL over the wvhole model surface excent
¢
at largerinjection rates wvhen transition has moved sufficiently

upstream to increase the heat transfer rate in the repion of
interest. Ignoring this effect of transition, it is seen that
the heat transfer rate becomes smaller than e certain value

wvhich derends upon the type of injected gas,

To compare the effectiveness of the various rases,

the peak ratio (=2) has been plbtted versus c_ in fipure 12,
Z max )
It shows that lipghter gases are more efficient than heavier

cnes to reduce heat transfer to the body surface. For instance,
a 50=-percent reduction in maximum heat transfer ratio requires
mass~flov rates for hydrogen, heliurm, air and freon in the
proportion of 0.27:0.56:1.0 and l1:3; or looking at the results
in a different way, an injection rate coefficient of c, = 0,04
causes maximum reat transfer ratic reductions of 57, 31, 22 and
15 rercent for hydrogen, heliurm, air and freon resrectively.
This trend aprrees with theory (8,0) excert for small wall to
free stream tempernture ratios (£) vhen the effect of molecular

diameter overcomnes the effect of molecular veirht,
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Curves of figures 12 have been replotted in figure 13
by multiplying the injection rate coefficient (co) by a factor
(K) so that they coincidé for a heat transfer ratio selected
arbitrarily equal to unity. Velues of K are shown in figure 1k,
It is seen that they do not differ appreciadbly from the values
of K derived from the pressure measurements. Also seen in
figure 1L is the comparatively larger influence of injection

on the heat transfer ratio than on the pressure ratio,

Rubesin and Pappas (ref. 10) compute the effect of
distributed light gas injection on skin frietion and heat
transfer for a turbulent incompressible flow over a flat plate,
Values of K computed from their results are shown in figure 1k
and agree surprizingly well with the present data. This is also
true for the experimental results of Pappas and Okuno (ref. 11)
for the turbulent heat transfer to a porous cone at M = L4, 635,

It is concluded that light gas injection is substan=
tially more effecuive in reducing the heat transfer peak at
reattechment than air or heavy gas injection, The relative
effectiveness (K) of various gases is surprizingly similar
for the pressure and heat transfer peaks reduction and also for
a wide variety of other experimental and theoretical data on
unseparated laminar and turbulent flows over porous flat plates

or cones,
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L, CONCLUSIONS

Results of reference 6 are extended to include the
effect of foreign gas injection on static pressure and heat

transfer distributions over a cone cavity model at M = 5,3,

The favorable effect of pas injection into the
cavity on reducing the aerodynamic heating of the model is
reconfirmed; light rases being more effective than air and

heavier gases,

The effectiveness of the various gases that wvere
tested, namely, hydrogen, helium, air freon and carbon tetra=-
chloride on reducing reattachment pressure and heat transfer
peaks can be correlated by a single factor which is a funection
of the molecular weight of the injected gas., Values of this
factor, calculated from various published theories and
experiments for laminar and turbulent unseparated flows, agree

surprizingly well with the nresent data,

At the largest injection rates that were used,
very high frequency unsteadiness seems tc develop in the

cavity flow.
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b) CARBON TETRACHLORIDE

Fig. 2 CONTROL PLANT FOR GAS INJECTION
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a)Cq=0

b) Cq=0.14

Fig.6 - SCHLIFREN PHOTOGRAPHS FQOR AIR INJECTION




4)Cq=: 0.49

Fig.h- SCHLIEREN PHOTOGRAPHS

FOR AIR

INJECTION




A b)Cq=.023
Fig.7- SHADOWGRAPHS FOR AIR INJECTION




d) Cq =.167
Fig.7- SHADOWGRA S FOR AIR INJECTION




£)Cq = .360
Fig.7 - SHADOWGRAPH3 FOR AIR INJECTION




b)Cq=.057

Fig.8- SHADOWGRAPHS FOR FREON INJECTION
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Fig. 8- SHADOWGRAPHS FOR FREON

INJECTION




b )Enlarge ment

Fig.9 - VISUALIZATION OF FLOW UNSTEADINESS
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b)Large cexposure time

Fig.10- SCHLIEREN PICTURES OF A SUPERSONIC FLOW
OVER A RECTANGULAR CAVITY
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Fig, 12 EFFECT OF GAS INJECTION ON MAXIMUM
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Fig, 13 CORRELATED PRESSURE AND HEAT TRANSFER PEAK RATIOS,
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