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Abstract—An experimental investigation of the heat transfer to the floor of a rectangular cavity of square
planform with secondary injection into the cavity is described. The flow over the cavity was supersonic
(Mach number 2-8) and the upstream boundary layer was turbulent. Several configurations of multiple,
discrete secondary injection orifices blowing subsonically and supersonically upstream from the recom-
pression step and/or downstream from the separation step are studied ; a range of blowing rates, secondary
air stagnation temperatures, and cavity floor temperatures were tested and a semi-empirical generalization
of the data is developed. As long as the secondary air is colder than the stagnation temperature of the
free stream, the heat transfer to the cavity is reduced, often substantially; when it is colder than the wall
temperature, the direction of the heat flux can be reversed with moderate amounts of blowing. The most
efficient injector configuration calls for blowing upstream from near the floor on the recompression step.
Measurements of the cavity bulk temperature with and without blowing and studies of the steady and
transient penetration into the cavity of fine graphite particles carried by the oncoming boundary are also

presented.
NOMENCLATURE Taw, adiabatic recovery temperature;
B, blowing parameter defined by equation Tm, mean bulk temperature of the gas in
n; the cavity;
h, heat-transfer coefficient based on the W, spanwise width of the cavity;
natural adiabatic recovery tempera- X, streamwise distance along the floor of
ture; the cavity, origin at the separation step.
H,  depth of the cavity;
i, relative change in intensity of illumi- Greek symbols
nation; o, cavity time constant associated with
L, length of the cavity in the streamwise transient injection in upstream bound-
direction ; ary layer;
m, secondary mass injection rate per unit B, secondary injection temperature para-
span of the cavity; meter defined by equation (9);
M,  Mach number; n, recovery temperature ratio Taw/To;
P, static pressure; T, dimensionless temperature parameter
q, heat flux to the wall per unit area; defined by equations (5) and (10);
r, adiabatic recovery factor (Taw — T)/ €, characteristic recovery temperature
(To—T); parameter for the wall layer defined
Re, Reynolds number per unit length; by equation (16);
St,  Stanton number; P mass density;
T, static temperature ; 0, thickness of the boundary layer up-
To, stagnation temperature; stream of separation ;
+ Professor of Engincering. 0*  displacement thickness of the boundary
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layer upstream of separation;



0, momentum thickness of the boundary
layer upstream of separation ;

7 ratio of specific heats;

I'g, the resistance ratio for the cavity wall

layer defined by equation (14);

O, characteristic transfer function for the
shear layer defined by equation (15).
Subscripts
B, pertaining to secondary injection ;
c, pertaining to the cavity as a whole;
0, pertaining to conditions without
secondary injection;;
s, pertaining to the shear layer;
w, wall conditions;
o0, the free stream.
Superscript
5, denotes average value over the cavity
floor.
INTRODUCTION

INVESTIGATIONS of the heat transfer to notches
in the boundary of supersonic [1, 2] and sub-
sonic [3, 4] flows showed that when the region
at and downstream of the recompression corner
is included, the total flux to the boundaries is
usually somewhat increased. The possibility
of thermally “shielding” the wall by generating
separated-flow regions suggested by early con-
siderations of semi-analytical models of cavity
flow [ 5-7] is not realized, particularly where the
recompression of the free shear layer occurs
against a boundary (as contrasted with base
wakes). The present experiments extend the
study of heat transfer to separated flow regions
to include the effect of injection of a gaseous
coolant into the cavity.

Bleeding into separated regions was studied
previously [7, 8] but only for base-wakes and
small rates of blowing with negligible blowing
velocity (wall-transpiration). Cavity flows are
quite different from base wakes because of the
importance of the recompression mechanism on
the structure of the internal flow, so that neither
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experimental data nor results of the available
analytical models are transferable from one
geometry to the other. Moreover, transpiration
of the secondary gas through the boundaries
into the cavity at the temperature of the wall is
not practical and, therefore, secondary injection
through discrete multiple orifices at arbitrary
stagnation temperature is also of interest.

The present experiments are limited to a
specific cavity having a rectangular cross-
section with a depth to length ratio of 0-5 and
a square planform (span to length ratio of unity).
The free stream Mach number and the Reynolds
number at separation are held constant and the
boundary layer is turbulent. The principal
variables are: the wall temperature, the stag-
nation temperature and the mass rate of injection.
Secondary variables are the distribution and
geometry of the injection orifices. Only air was
used as the secondary injectant.

New data pertaining to the thermal
equilibrium established in the cavity without
blowing is also presented. It includes measure-
ments of the average temperature in the “bulk”
of the recirculating region and estimates of the
effective average adiabatic recovery factors for
the shear layer, the boundary layer forming on
the cavity floor, and the cavity as a whole. These
studies parallel some recent measurements
obtained in base wakes [8-10] and show that the
thermal resistance of the wall layer is large
relative to that of the shear layer (and not
negligible [5-7]) but that their ratio is very
different in base-wakes and cavities.

EXPERIMENTAL EQUIPMENT AND TECHNIQUES

The experiment was conducted at a free
stream Mach number of 2-8 with a stagnation
temperature between 800 and 1000°R and
atmospheric stagnation pressure. The free stream
conditions, their uniformity as well as reference
data such as P, h, and boundary-layer profiles
were measured at a station 0-500 in ahead of the
model which consisted of a rectangular cavity
in the test-section wall. The model geometry
isshown on Fig. 1, which also defines the termino-
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Fi1G. 1. Schematic of the model assembly.

logy used in the following discussion. Note the
fences which isolated the rectangular 2 x 2 in
central portion of the cavity from the tunnel side-
wall boundary layers; the depth of the cavity
was lin,

The effective Reynolds number ahead of the
cavity was determined from boundary-layer
traverses at the reference station for the measured
upstream wall temperature ratio. The integral
moments of the profile and the comparison
between the measured heat-transfer coefficient
and the turbulent boundary-layer theory of
Van Driest [11] are given in Table 1. The data
indicate that the boundary layer can be con-
sidered to be a full developed equilibrium
turbulent flat plate boundary layer to a satis-
factory degree of precision.

The floor of the cavity was fitted with a slider
carrying a flush-mounted heat flux gauge (} in
dia.), thermocouples and pressure taps. This
instrumentation traversed the streamwise centre-
line of the model ; cross-section pressure measure-
ments and flow visualization indicated that the
structure of the flow in the cavity was essentially
two-dimensional, but no heat-transfer data
were obtained off the centerline. The slider also
carried a thermocouple which protruded into
the center of the cavity (see Fig. 1) and traversed
it streamwise. The average temperature of the
internal fluid measured by this thermocouple is
denoted in the following as the cavity bulk
temperature Tm.

The separation and the recompression steps
contained the stagnation reservoirs for the
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Table 1

Free stream Mach number M
Reynolds number per unit
length Re
Wall to free stream
temperature ratio

=28(+1%)
=123 x 10°ft™*

TJT, = 2A+4%)

Boundary-layer thickness [/ ~ 0-230in
Boundary-layer displace-

ment thickness o* = 0-062in
Boundary-layer momentum

thickness 7} = 0-0143 in
Measured Stanton number  St, =14 x 1073(+10%)
Calculated Stanton number St = 135 x 1073

secondary air. The actual stagnation conditions
of the secondary air were measured immediately
upstream of the injection orifices. The flow rate
was determined by an independent venturi-
meter installed in the flow system outside the
tunnel.

Several injector geometries were tested. The
injector configurations included upstream blow-
ing from the recompression step and down-
stream blowing from the separation step, parallel
to and at an angle to the free-stream direction.
The secondary jets were produced either by a
row of orifices (48 orifices, 0-028-in dia.) or
by a slot spanning the cavity (0-032-in wide).
There was no detectable difference between their
behavior. The velocity of the secondary jets
varied with the mass injection rate and included
subsonic and supersonic blowing.

The floor of the cavity and (separately) the
separation and recompression steps were pro-
vided with internal cooling passages which
permitted some control over the level and distri-
bution of the temperature of the model surfaces.
The average cavity floor temperature was
uniform within at most 10 per cent of the overall
driving temperature potential (To,, — T,). The
measurements of the temperature on the re-
compression step are considered to be qualitative
only because of the large gradients which exist
in the region of reattachment; they were used
primarily to monitor the uniformity of the
conditions from test to test.
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RESULTS WITHOUT SECONDARY INJECTION

The usual definition of the heat-transfer
coefficient is

q = hTaw — T,) 1)

where the local adiabatic wall recovery tem-
perature Taw contains information regarding the
structure of the flow field and its diffusive
properties. This quantity must be properly
defined, viz. T,, = Taw at g =0 if h is to be
even approximately universal.

The overall adiabatic recovery temperature
of the cavity (Taw,) need not be the same as that
of the upstream boundary layer. It is extremely
difficult to acquire direct information leading toa
clear definition of this parameter in a flow as
complex as that in the cavity. Measurements in
cavities with non-conductive walls [12] show,
as may be expected, that Taw, is not constant
over the surface. It is practically possible to
define it only in an average sense.

The fact that the flow in a separated region
involves two separate resistances to the transfer
of heat has been recently emphasized in the
literature [8]. These resistances which are in
series are that of the shear layer and that of the
(subsonic) boundary layer forming over the
internal surfaces of the model. The recirculating
fluid in the cavity is then at an average tem-
perature Tm which is intermediate between
the temperature of the wall and the free-stream
stagnation temperature. Measurements of Tm
are reported [8] for a blunt base wake. These
measurements (which are indicated on Fig. 2;
see, for instance [8]) show that the conductance
of the wall boundary layer is less than that of the
shear layer: the cavity bulk temperature is
always quite close (typically 90 per cent) to the
wall temperature. It follows that the base
surface temperature under adiabatic conditions
nearly equals the shear layer adiabatic recovery
temperature and one can use the correlation
of adiabatic data [10, 12, 13] to calculate
Taw,, the adiabatic recovery temperature of
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the shear layer alone:

n= Taw,

To,

(1+rs77_1
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We propose to assume that Taw; is the same for
base-wakes and cavities in the same free stream.
Figure 2 shows measurements of the average
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cavity bulk temperature Tm, presented as a
ratio to Taw, calculated from equation (2).
The data includes tests with both a variable
wall temperature and a variable stagnation
temperature. The domain of variation of the
ratio Tmy/Taw, is between unity, corresponding
to the case in which the resistance of the wall
boundary layer dominates, and the line defined
by Tm, = T,, corresponding to an infinite
conductance of the wall boundary layer. Note
that Chapman’s analytical treatment of the
cavity heat-transfer problem [5] assumes the
latter to be true.

The shear layer and the wall layer coefficients
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Fi1G. 2. The wall-bulk temperature equilibrium of wakes and cavities
without secondary injection.
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are defined with reference to their individual
adiabatic recovery temperatures, that is,

do = hs(Taws - TmO) = hw(Taww - Tw) (3)

These are the only definitions which preserve
the conceptual character of these coefficients
as properties of the flow field.

Itis clear that the line Tmy/Taw, = 1describes
an adiabatic cavity. Simultaneously, T,/Taw,,
must be unity for the adiabatic case. Therefore,
the value of Tmy/Taw, at T, /Taw,, = 1 defines
the recovery ratio of the wall layer

Taw
= —> =097 4
"wo Tmo ( )
Tm, plays the role of a stagnation reservoir
temperature with respect to the wall layer. It will

be convenient to define a function 7:

o = Taw, — Tmy
°7 Taw, - T,

&)

With the aid of equation (3), 7, can be expressed
as

h,, [ Taw, — Taww:l
Io = e 1 _

h Taw, — T,
(6
~ %ﬁ for Taw, > 1.

Thus, 7, represents grossly the ratio of the
conductances of the wall layer to the shear layer.
In a cavity this ratio is about 70 per cent and
considerably larger than in the base wake in
which it is more nearly 10 per cent. In view of
the much more violent recompression process
leading to a stronger internal vortex in the
former case (see, for instance [ 2], which discusses
the structure of the flow in the cavity), these
findings seem reasonable. It follows from this
interpretation, however, that cavities having
different shapes of the recompression step
(ramp, fillet, etc.) may have different “character-
istic curves” than the rectangular one studied
in the present case.

There is a question as to whether the
“characteristic” curve of Fig. 2 is invariant
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with respect to the free stream Mach and
Reynolds number (where the Reynolds number
should be thought of as describing the character
of the oncoming boundary layer). It seems
reasonable to suppose that a change in heat-
transfer properties of the shear layer due to
changes in the external flow is associated with a
proportional change in its momentum transfer
properties (Reynolds analogy). Since this drives
the internal vortex in the cavity, the “effective”
free stream velocity over the floor of the cavity,
and, therefore, the transfer properties of the wall
boundary layer, would change proportionally.
It follows that at least over a reasonable range of
Mach and Reynolds numbers and with turbulent
oncoming boundary layers, the ratio of re-
sistances of the shear layer and the wall layer
can be assumed to remain fixed, which means
that the 1, curve is a ‘‘characteristic” of the
cavity.

The recovery ratio #,, of the wall layer can be
related to a recovery factor r,, which introduces a
mean internal cavity velocity. It is reasonable
to assume that r,, is a fixed property of the layer
by analogy with boundary-layer theory. As long
as the effective mean internal cavity velocity is
low-subsonic, 7, ~ r, (from their respective
definitions). ,, can be assumed independent of
the free stream in this domain. The assumptions
that t, and 5,, are constants are approximations
of the same order.

One can now define an overall average adia-
batic wall recovery factor of the cavity

To q
. - Taw, — T, _ r’wr’s—i B )
¢ To — T, To
=1

o0
and reduce the measured heat flux to a co-
efficient using the definition

do = hO(Tawc - Tw) (8)
An analysis of our data proves that indeed

this coefficient h is more nearly independent of
q (that is of T,/T;) than a coefficient defined
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using the thermal driving potential (Taw,, — T,)
which applies to the upstream boundary layer.
As it is, Taw, is a mean quantity for the entire
cavity so that only h, can be expected to remain
constant as g, tends to zero. Local values of h
are expected to exhibit scatter, particularly
near the adiabatic condition at which the
present approximate framework is certainly
invalid.

Data represented on Fig. 3 in the form of
ratios of h, to the heat-transfer coefficient in the
boundary layer ahead of separation. The charac-
ter of the distribution corresponds closely to
that found previously for supersonic flow over
rectangular cavities with thin oncoming bound-
ary layers (thin relative to the depth of the
cavity) [1, 2]. The scatter bars indicated on
Fig. 3 include tests for ratios of the cavity wall
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temperature to free stream stagnation tem-
perature ranging from 0-6 to 0-9.

RESULTS WITH INJECTION
Three independent parameters describe the
secondary injection: the mass flow rate, the
relative enthalpy level of the secondary gas and
the geometry of the injection.
The relative thermal level of the added mass
is represented by the dimensionless parameter f:

Taw, — Tog

b= Taw, — T,

7]
A value f = 1 means that the stagnation tem-
perature of the secondary injectant equals the
average temperature of the cavity wall; § > 1

and f < 1 represent blowing colder and hotter
than the walls, respectively. The condition

04
]

F1G. 3. Heat-transfer distribution on the cavity floor without secondary injection.
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B = 1, where 1 is defined in analogy to the no-
blowing case [see equation (5}]

Taw, — Tm

= Taw, =T, {0

(with Tm a variable dependent on the injection)
represents the addition of mass at exactly the
average enthalpy prevalent in the bulk of the
cavity. Grossly one would expect that changes in
the overall transfer properties of the cavity when
B = 1 are due to dynamic modification of the
structure of the internal flow without the
simultaneous participation of the additional
mass as a heat sink.

The secondary mass flow rate is given in terms
of the dimensionless blowing parameter

m

B= o U HST, (11)
The definition suggests that the effect of mass
addition is felt over a projected area H (per
unit span) where H is numerically equal to the
depth of the cavity. The choice of H as reference
length is based on considerations of the basic
structure of the internal flow in the cavity. It is
characterized by a strong recompression vortex
occupying a volume of magnitude H’W im-
mediately upstream of the recompression step.
The remainder of the cavity (downstream of the
separation step) is nearly “‘dead air”; detailed
investigations of this flow (with no injection)
are recorded, for example, in [2]. In the case of
upstream injection from near the floor on the
recompression step, that is, injection tangential
to the “rim” of the recompression vortex, this
structure is preserved and the added gas cir-
culates with the vortex; that is, in the length
characterized by the dimension H.

The measurements of heat transfer to the floor
of the cavity with blowing are presented in the
form of the local heat-transfer coefficient h
to the coefficient h, at the same location in the
cavity but without injection. This ratio em-
phasizes the local effect of blowing. Both h
and h, are defined on the basis of the temperature
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difference (Taw, — T,) implying that the mean
adiabatic recovery factor of the cavity does not
change with blowing. From equation (7), Taw,
depends on #,, and #,. The factor #,, was evalu-
ated with blowing by noting that, if &, is indeed
a property of the flow, the singularity g, =0
must be associated with {Taw,, — T,,) = 0 which
defines Taw,,. The ratio T,/Tm was measured
and plotted against §,,. At g,, = O (obtained by
interpolation) this ratio is exactly Taw,/Tm=n,,.
The results for all tests with blowing yielded
096 < n,, < (0-99 so that within the accuracy of
this analysis

Nw = Hy, = 097 = const.

independent of B. An equivalent study of
as a function of B is not so simple because even
though g,, (heat flux to the wall) is set to zero,
g (heat flux to the cavity) may not be zero, the
difference being absorbed by the thermal capacity
of the secondary injectant.

Figure 4 shows a typical series of heat-transfer
traverses. In each series § and the wall to
stagnation temperature ratio are held (nearly)
constant and the blowing parameter B is varied.
The injector geometry is fixed; it is shown by a
sketch on the figure. The major effect of blowing
is to reduce, and in this case in which the second-
ary gas is added at a stagnation temperature
lower than T,, to reverse the sign of the peak
heat transfer in the neighborhood of the
recompression step. The “dead air™ zone near
separation is affected little.¥

Severalinjector geometries were tested. Typical
data (nearly equal values of B, and T,/To)
are shown on Fig. 5 along with the schematics
of the injector configuration. It is clear that
blowing from the separation step in the down-
stream direction, or from both steps simul-
taneously, results in a smaller reduction in heat
flux to the cavity floor than the case studied

t This portion of the curves is dotted in following the
average of the data obtained in several tests. Specific points
are not shown because, since # is low in that region, the
experimental error and the scatter is much higher than in the
remainder of the model.
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Fi1G. 4. Influence of secondary injection on the cavity floor heat-transfer distribution.

previously and causes several peaks in the
distribution of heat flux to the floor. This is
compatible with the model suggested previously :
injection opposing the sense of the recompression
vortex disturbs the basic structure of the flow
in the cavity and “churns” up the nearly dead-
air pocket near separation, increasing its thermal
conductance. Figure 6 shows some comparative
flow visualization pictures obtained by coating
the cavity with a suspension of lamp-black-in-
kerosene which dries during the test. These
pictures are taken with one of the “fences”
removed. The example showing injection from
both steps exhibits clearly a two-vortex structure
(corresponding to the double peak and the
distribution of A typical of these tests) while the
well-defined single vortex is preserved even with
extreme blowing upstream from the recompress-
ion step.

Downstream directed injection may be prefer-
able when the objective is to mix the secondary
injectant with the gas in the cavity (such as when
a cavity is to be used as a flameholder in super-
sonic combustion). However, since the primary

concern here is the reduction of heat transfer to
the cavity, the tests with downstream injection
(which are so irregular that they all but escape
generalization) will not be discussed in the
following.

Figure 7 presents the average heat-transfer
coefficient over the floor of the cavity as a
function of blowing for upstream injection.
It must be temembered that the blowing and the
wall temperatures are two additional parameters
which enter the problem. These are not quite
constant from point to point so that the cor-
relation curves drawn through the experimental
points on Fig. 7 are only approximate.

GENERALIZED CORRELATION OF RESULTS

The objective of the following analysis is to
provide a conceptual framework for generalizing
the experimental measurements. We postulate
amodel whereby the secondary mass added to the
cavity at a stagnation temperature Tog is first
brought to thermal equilibrium with the gas
contained in the cavity; that is, it absorbs or
releases [HCi(Tog — Tn)] units of energy
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F1G. 5. Typical heat-transfer distributions for various injector configurations.

per unit time. No energy is transferred to the
cavity walls directly from the injected gas.

Under this assumption the thermal properties
of the cavity can be represented by the equivalent
electrical network shown on Fig. 8. R, and R,
are the thermal resistances of the shear and wall
layers, respectively, defined as follows:

1 _ Tm
hy

Taw, —
q

R, = (12)

Taw,, — Tm

1 p—

he 4w

where R, and R,, (or h and h,) are properties
of the dynamic structure of the flow. They
depend, therefore, on the intensity of blowing
and on the geometry of the injector, but not on
the thermal properties of the secondary air or

the thermal boundary conditions at the wall of
the cavity (§ and T,,/To).

I

R, (13)
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results can probably be used to estimate the
properties of cavities with 1 < L/H < 3, but
we would not recommend using these data for
L/H > 3, for different planforms, for shallow
cavities relative to the boundary layer (6/H > 1)
and cavities with rounded or ramped recom-
pression surfaces.

(b) Only upstream injection from the re-
compression step is considered. The secondary
jet axis must lie at a small distance above the
wall because otherwise the assumption that no
energy is transferred directly from the secondary
gas to the wall would fail.

(c) The “‘cavity characteristic” 1, vs. T,,/Taw,,
which was assumed to be invariant with respect
to the free stream Mach number and the Rey-
nolds number, limits the validity of the present
results to the case of turbulent flow in the
oncoming boundary layer and probably restricts
it to supersonic (as contrasted with hypersonic)
flow.

(d) The functions I and @ ‘were assumed to
depend on B only, for which we have no ex-

perimental justification. This is compatible with
the theory of transpiration,f but the existence
of the recompression process may well invalidate
this analogy In that case, I' and @ would also
be functions of St,,.

(¢) In the same sense, the effect of the velocity
(or Mach number) of the secondary jet is not
resolved. In the present experiments the jets
become sonic at values of B between 2-5 and 7-5
depending on the specific injector plate. How-
ever, the location and angle of the jet axis (for
upstream blowing) had no noticeable effect on
the function I'. Also the subsonic-supersonic
transition in the jet flow regime could be held
responsible for the drop in the I' curve but not
for the simultaneous drop in the @ curve.
These curves seem, therefore, to be a function of
the mass addition-rate and not the jet velocity.

Note that the parameter § has an upper limit
which corresponds to the maximum cooling

T The linear “heat blockage™ eduation, St/Sty = 1 + KB,
can be considered as the first term of an expansion of the &
function in B.
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(H/L

potential of the secondary injectant; that is, to

the lowest possible blowing temperature
TOB = 0.
1
B = Biim = —T )]
1 —- w
Taw,

Therefore, to obtain a prescribed heat transfer
ratio h/h, there exists a minimum blowing rate
B,in Which is only a function of the wall-to-
stagnation temperature ratio.

Another useful result derivable from the

= 0'5).

generalized correlation is the value of the blowing
parameter B, at which the heat transfer to
the cavity is zero. From the equations of the
thermal circuit one finds thatat g = 0

@(B)

B (18)

H

z"o(ﬂ =) =Fp.y=
®/B can be plotted using Fig. 9. The curve
tends to an asymptotic value B ~ 25 as
B — 1 which, from the definition of g, represents

blowing at a temperature equal to shear layer
adiabatic recovery temperature. Obviously, the
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F1G. 10. Generalization of thé heat-transfer results for H/L = 0:5.

condition g = 0 cannot be reached with blowing
at a temperature higher than this limit.

EXPLORATORY STUDY MASS EXCHANGE

The transfet characteristic of the shear layer
(the @ function)is a purely empirical correlation,
which could also be derived, in principle, from
an analysis supplemented by appropriate state-
ments regarding the nature of the shear-layer
flow and the inner boundary conditions. Eckert
and Scott [8] do this (for the base-wake) using
an integral solution of a steady, two-dimensional
boundary-layer approximation with a trans-
piration boundary condition and an assumed
form of the velocity profile through the region.

It is questionable though whether such a model
is at all realistic in the present case.

Some insight into this question can be derived
from an exploratory study of the penetration
of particles from the free-stream into the cavity,
whichisalso interesting in its own right. Graphite
dust (3-10p dia) was injected tangentially
through the wall into the boundary-layer up-
stream of the cavity (at a station approximately
fifteen boundary-layer thicknesses ahead of
separation). The attenuation of two collimated
beams of visible light traversing the tunnel
upstream(1-5 inahead of separation)and through
the center of the planform of the cavity was
measured by photocells and used to indicate
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the integrated density of particles suspended in
the flow.

A typical record for a particular injection
pulse is shown on Fig. 11. The results show thata
steady state exists and obeys the relation

H = 18 £ (05)
1b eyn

which is independent of blowing. This con-
dition can be seen towards the end of the
(approximately) exponential decay portion of

(19)
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one can solve for o by a numerical integration
of the data. The result is plotted on Fig. 12. It is
found that the time constant does depend on the
blowing rate.

The fact that the equilibrium distribution is
independent of blowing while the time constant
is not suggests an unsteady periodic mass
exchange, the dynamic character of which
(frequency and amplitude) is affected by blowing,.
In any case, one can conclude from these tests
that it is unlikely that realistic estimates of the

TIME

FiG. 11. Typical record of the fractional change in light density for the cavity and the
upstream boundary layer due to graphite particles carried by the oncoming boundary
layer (B = 3-75, H/L = 0-5).

the pulse shown in Fig. 11.1 Conversely, there
is a definite time constant associated with the
transient initial period during which the rate of
change of the injection is large. Describing the
process by a linear approximation

di, 1

. AR PP
'a'{ = &(lc,qn - lc) - (Z(l 818 !c) (20)

t During all the tests under discussion no deposition of
graphite on the walls of the cavity occurred, which was
verified by steady injection over long periods. To preserve
this condition the walls must be meticulously clean (with
alcohol) and devoid of any oil-film; otherwise graphite
powder sticks immediately to the floor. Since the wind tunnel
is vertical, gravity has no influence on the penetration of
particles into the cavity.

transfer properties of the shear layer over the
cavity as a whole can be based on analytical
models such as that discussed in the intro-
ductory paragraph of this section.

CONCLUSIONS

The results show that it is possible to control
the heat transfer to the floor of a cavity with
relatively modest rates of injection of secondary
gas. The most efficient injector configuration
consists of jets directed upstream from the
recompression step near the floor of the cavity.
This configuration results in the most uniform
distribution of the local heat-transfer coefficients
at the lowest level for a given mass addition rate.
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Fi16. 12. The influence of blowing on the time constant associated with transient injection
in the upstream boundary layer.

The average heat flux can be reduced to zero
when the temperature of the secondary injectant
is lower than the temperature of the wall.

A generalized correlation of the data in terms
of two empirical functions of the blowing para-
meter is presented. These functions are deter-
mined only for the specific geometry and the
free-stream conditions tested. However, the
model of the structure of the flow on which the
generalization is based provides a conceptual
framework for suggesting that the present results
(in terms of the dimensionless parameters de-
fined in the text) are approximately valid in a
reasonable range of supersonic Mach numbers
and for turbulent oncoming boundary layers.
Similarly, scaling over a reasonable range of
sizes for geometrically similar cavities seems
permissible, but the present results cannot be
applied but as a qualitative guide to different
planforms or length-to-depth ratios of the
cavity, especially if the shape of the recom-
pression step is different than that tested.

Measurements of the average temperature in
the cavity with no blowing show that the largest
resistance to heat flux (in an average sense) lies
in the shear layer, but that both the shear layer

resistance and the resistance of the boundary
layers on the internal walls are of the same order
of magnitude. ’

Exploratory studies of the flow with solid
particles injected into the free stream boundary
layer indicate that there is a definite and im-
portant interchange of mass between the free
stream and the cavity. The steady-state density
of particles suspended in the cavity is not
affected by mass injection into it; however, the
transient filling time in response to a burst of
particles in the external flow is a function of
blowing and increases with increasing mass
injection.
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Résumé—On décrit une étude expérimentale du transport de chaleur au plancher d’une cavité rectangulaire
de forme carrée avec injection secondaire dans la cavité. L’écoulement au-dessus de la cavité était super-
sonique (nombre de Mach 2,8) et la couche limite était turbulente. On étudie plusieurs configura-
tions d’orifices d’injection secondaire multiples et séparés par lesquels on souffle avec une vitesse
subsonique ou supersonique en amont du décrochement de recompression et/ou en aval du décroche-
ment de décollement. On a essayé une gamme de vitesses de soufflage, de températures d’arrét de 1air
secondaire et de températures du plancher de la cavité et 'on a établi une généralisation semi-empirique
des données. Aussi longtemps que I’air secondaire est plus froid que la température d’arrét de I’écoulement
libre, le transport de chaleur vers la cavité est réduit, souvent d'une fagon substantielle; lorsqu’il est plus
froid que la température pariétale, la direction ua flux de chaleur peut étre renversée avec des valeurs
modérées de soufflage. La configuration la plus efficace des injecteurs nécessite un soufflage en amont au
voisinage du plancher sur le décrochement de recompression. On présente également des mesures de la
température globale de la cavité avec et sans soufflage et des études de la pénétration dans la cavité d’une
fagon permanente ou transitoire de fines particules de graphite apportée par la fronti¢re en mouvement.

Zusammenfassung—Es wird eine experimentelle Untersuchung des Wirmeiibergangs an der Basis einer
rechtwinkligen Vertiefung von quadratischer Form mit Sekundirlufteinblasung in die Vertiefung
beschrieben. Uber die Vertiefung stromte die Luft mit Uberschall (Mach 2.8), und die Grenzschicht strom-
aufwirts war turbulent. Verschiedene Anordnungen einer Vielzahl von einzelnen Sekundarluftéffnungen
wurden untersucht, wobei Luft mit Unter- und Uberschall, stromaufwirts von der Wiederverdichtungs-
stelle und/oder stromabwirts von der Separationsstelle eingeblasen wurde. Eine Reihe von Einblasver-
héltnissen, Stautemperaturen der Sekundirluft und Temperaturen der Basis der Vertiefung wurden
iiberpriift, und es wurde eine halbempirische Verallgemeinerung der Versuchsdaten entwickelt. Solange
die Sekundarluft kilter als die Stautemperatur der freien Strémung ist, verringert sich der Wirmeiibergang
an die Vertiefung, vielfach sogar erheblich; wenn die Sekundérluft kilter als die Wandtemperatur ist,
lasst sich die Richtung des Warmestromes bei missigem Ausblasen umkehren. Um eine méglichst wirkungs-
volle Anordnung der Lufteinblasung zu erhalten, muss man gegen die Str6mungsrichtung von einer Stelle
nahe an der Basis der Vertiefung auf der Seite der Wiederverdichtung einblasen. Es werden Messungen
der Temperatur des Gases in der Vertiefung mit und ohne Ausblasen und Untersuchungen dariiber
mitgeteilt, inwieweit feine Graphitteilchen, die von der ankommenden Grenzschicht mitgefiihrt werden,
stetig, bzw. voriibergehend in die Vertiefung eindringen.

AnHoranua—JlaeTcA omucaHue Tena000MeHa MOTOKA NIPAMOYTONBHOM MOJOCTH KBAAPATHOTO
cedeHMs, B KOTOPYIO BiyBaerTcs Bo3ayX. IIoTok B moxocTu cBepxsByKoBoilt (unciao Maxa 2,8),
a MOTPaHUYHHIL CJIOK BBepX MO TeueHUI0 — TypOyseHTHBI. 3ydeHH HECKOIBKO KOHQUIY-
panuii HacamoK C AMCKPETHHM BTOPHYHBIM AO3BYKOBBHIM M CBeDPX3BYKOBHIM BRyBoM. Bnys
BBEPX M0 NOTOKY NPOMBBOAMTCA IIPH IOBTOPHOM CHAaTHHM, & BHN3 — IPH OTPHIBE NOTOKA.
Hccnenpyerca puamasoH CKOpOCTelt BAYBA, TEMIIEPATYP 3aTOPMOKEHHOTO MOTOKA BTOPUYHOTO
BOBIYXa, & TaKKe TeMIIepaTyp IOAOHA IIOJIOCTH M AaeTcA 0006LieHMe NOJIYYEeHHBIX IMOJY-
aMInpHYIeCKUX JaHHHX. [loka TemmepaTypa BTOPHYHOIO BO3LYXa HIe TEMITEPATYPH TOPMO-
*HeHNA CBOGOJHOrO TeYeHHA, TeIJIOOOMEH K MOJIOCTH YMEHbIIAETCH, X YACTO ZOBOJBLHO 3HAYM-
TeIbHO, KOTJA #e OHA HUKe TeMIIePATYPHl CTeHKM, MOMKHO N3MEeHUTDh HANPABJIeHNe TeIJIOBOTO
TOTOKA npu cnaboM BIyBe.

ITpu MOBTOPHOM CHKATMM ¢ MOMOMIbI0 HauGoee sPeKTUBHEIX HACAKOK IPOUBBOJUTCH BIYB
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OT IOJAOHA. B cTaThe, KpOME TOr0, MPUBOAATCH U3MEPEHNA O0GBbEMHOI TEMIIEPATYPHI NOJIOCTHI
¢ BAYBOM ¥ (€3 Hero, a Tarke MCCIELYETCH CTALMOHAPHOE M HECTANMOHADPHOE MONMANAHUA
MeJMX rpadUTOBKX YACTHUIl, BHOCHMBIX HAGEraomuM II0TOKOM B II0JIOCTD.



