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Store from Cavities at Supersonic Flight Speeds

Robert L. Stallings Jr.*
NASA Langley Research Center, Hampton, Virginia

An experimeotaS investigation has been conducted to determine the aerodynamic characteristics of a typical
wing-control missile configuration during separation from a box-type cavity having depth-to-length ratios (D/L)
ranging from 0.088 to 0.225. The cavity was located in a splitter plate that spanned the low Mach number test
section of the Langley Unitary Plan Wind Tunnel. Aerodynamic characteristics are presented for Mach 2.36 and
a freestream unit Reynolds number of 6.6xl06/m. For the shallow cavity (D/L = 0.088), large interactions
existed between the cavity and the flat plate flowfield which resulted in unfavorable separation characteristics
for the missile model. For the deep cavity (D/L = 0.225), the flat plate flowfield essentially bridged the cavity
resulting in minor interactions and favorable separation characteristics for the missile model.

Nomenclature
A — model reference area, ird2 /4
Cm — pitching-moment coefficient, pitching

moment/q^Al
CN = normal-force coefficient, normal force/q^A
Cp = pressure coefficient, (p-p^/q^
d = store-model diameter
D = cavity depth
/ = store-model length
L = cavity length
M = freestream Mach number
p = local measured static pressure
p^ = freestream static pressure
qx = freestream dynamic pressure
s = wing span
Sc = surface length on cavity ceiling relative to cavity

front face (see Fig. 5)
SFF = surface length on cavity front-face relative to flat

plate surface (see Fig. 5)
SRF = surface length on cavity rear-face relative to cavity

ceiling (see Fig. 5)
t = time relative to store ejection
W = cavity width
x,y = store-model coordinates relative to nose tip
Z = perpendicular distance from splitter plate surface
a. = angle of attack relative to flat plate surface

Introduction

BOTH internal and conformal carriage of stores are being
considered for future supersonic military aircraft in order

to minimize aerodynamic drag, aerodynamic heating, and
radar signature. In order to realize full advantage of the
aircraft supersonic flight speeds, it is desirable to have the
capability of releasing the stores at supersonic speeds.
Although there is considerable information available in the
literature concerning acoustic measurements in cavities and
bomb bays, there is very little information available con-
cerning the aerodynamic characteristics of stores during
separation from conformal and internal carriage con-
figurations at supersonic speeds. Therefore, an exploratory
wind-tunnel test was initiated to determine the near-field
separation characteristics of a typical wing-control missile
configuration from a box cavity of various depths. The box
cavity was located in a splitter plate that spanned the low
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Mach number test section of the Langley Unitary Plan Wind
Tunnel. Tests were conducted at Mach numbers from 2.36 to
2.86 for cavity depth-to-length ratios ranging from 0.088 to
0.225.

Results presented and discussed are cavity pressure
distributions, cavity oil flows, and store aerodynamic
characteristics in the cavity flowfield.

Test Facility, Models, and Instrumentation
The tests were conducted in the low-speed leg of the

Langley Unitary Plan Wind Tunnel, which is a variable-
pressure, continuous-flow facility described in detail in Ref.
1. An asymmetric sliding block nozzle leads to the test section
and permits a continuous variation in Mach number from
about 1.50 to 2.86. The present tests were conducted at Mach
numbers of 2.36 and 2.86 at a constant Reynolds number of
6.6xl06/m.

The parent aircraft for the present test was represented by a
vertical splitter plate that extended from the floor to the
ceiling of the test section as shown in Fig. 1. The splitter plate
was 121.9 cm high and 182.9 cm in length. The leading edge of
the cavity was located 72.4 cm downstream of the plate
leading edge. The plate boundary layer was artificially tripped
using a band of No. 50 grit located 1.5 cm downstream from
the leading edge. The splitter plate was selected as the parent
body for several reasons. First, it was desired to have a well-
defined basic flowfield approaching the cavity in order to be
able to clearly define the effects of the cavity flowfield on the
store separation characteristics, and second, the plate was
readily available and could be used for the present tests with
only minor modifications. In addition, the length of the
boundary layer run ahead of the cavity (72.4 cm) when scaled
to full-scale conditions based on the scale of the store models
tested is representative, in many cases, of the boundary layer
run ahead of store locations for existing aircraft. Once the
effects of the basic box-cavity flowfield are established,
subsequent tests are planned to determine how changes of the
parent body configuration perturb the cavity flowfield and
the resulting store separation characteristics.

Shown in Fig. 2 is a photograph of a Sparrow missile model
attached to the offset sting assembly that was used to position
the models relative to the cavity. The offset sting allowed the
models to be positioned inside the cavity. The sting assembly
was attached to the test section model support assembly,
which could be remotely varied in either the lateral or
longitudinal direction.

Results presented in this paper were actually obtained from
two tests using two different store models and two different
box-cavity configurations. The test programs are identified as
the ''Sparrow model" tests and the "generic wing-control
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Fig. 1 Photographs of a flat plate assembly installed In a low Mach
slumber test section.

Fig. 2 Typical store model installation.

\§. 3 Photograph of store models.

model" tests. The stores used in the two tests were basically
the same as shown in Fig. 3 and the tabulated model in-
formation given in Fig. 4. The Sparrow model was an existing
Sparrow Ill-type missile model that was previously tested in
the Unitary tunnel with results presented in Ref. 2. The
generic wing-control model is basically a stretched version of
the Sparrow model and, as shown in Fig. 4, had a l/d ratio of
20.0 as compared to 18.0 for the Sparrow model. The generic
wing-control model is one of a group of generic models that
are being constructed for additional carriage and separation
studies. Both models had a body diameter of 3.0 cm and a
wing span of 15.2 cm. The wings and tails have the same
relative locations on the body for the two models as shown by
the store geometry insert of Fig. 4. Basic cavity dimensions
for the two test programs are also shown in Fig. 4. For the
Sparrow model test, store forces and moments and cavity oil
flows were obtained for a cavity having a D/L ratio of 0.088
and a W/L ratio of 0.214. For the generic wing-control model
tests, store forces and moments were obtained for a much
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Fig. 5 Effect of cavity depth on cavity pressure distributions.

deeper cavity (D/L ratio of 0.225) having about the same
value of W/L as the' Sparrow tests. Cavity pressure
measurements were also obtained for the generic model tests
for cavity D/L ratios ranging from 0.052 to 0.225. The cavity
pressure orifices were located along the longitudinal centerline
of the cavity front face, ceiling, and rear face.

The pressures were measured by electrical transducers
connected to a pressure scanning system. A total of three
scanners were used with tubing from approximately 20
orifices connected to each scanner. Three reference pressures
were also connected to each scanner to provide transducer
calibrations for each data point. Force and moment
measurements were obtained using a six-component strain-
gage balance; however, in the present paper only normal force
and pitching moment coefficients are presented.

Results and Discussion
Shown in Fig. 5 is the effect of cavity depth on cavity

centerline pressure distributions. Results are presented for the
front face, ceiling, and rear face of the cavities having depth-
to-length ratios of 0.052 and 0.225. Increased cavity depth has
a very large effect on the cavity pressure distribution. Such an
effect has been observed by other investigators,3"5 and is
associated with the shear layer that originates at the cavity
front face attaching to the cavity ceiling for the case of the
shallow cavity and bridging the cavity for the case of the deep
cavity. For the shallow cavity, the flow separates at the front
face and reattaches downstream on the cavity ceiling in the
vicinity of SC/L = 0.3. The flow expansion at the front face
results in the reduced pressures for 0<SC/L<0.3. Another
distinct and independent separation of the flow occurs further
downstream ahead of the rear face which appears as a for-
ward facing step to the oncoming cavity flow. The pressure
distribution measured between 0.75<SC/L<1.0 is charac-
teristic of the flow ahead of a forward facing step. The large
adverse pressure gradient in this region results from the flow
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Fig. 6 Oil flow photographs of open and closed cavity flows;
D/L ~ 0.088: a) closed cavity flow; b) open cavity flow.
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separating ahead of the step and turning through the large
angle required to exit over the rear face. Large pressures for
this case are also measured on the rear face. For the deep
cavity, the shear layer bridges the cavity and impinges on the
rear face near the plate surface. The very small turning angle
of the shear layer at the front face results in essentially
uniform pressures approximately equal to freestream static
pressure on the front face and the ceiling for SC/L<0.8. The
larger pressures measured on the ceiling for SC/L >0.8 and on
the rear face are associated with the shear layer impinging on
the rear face. The cavity flowfields depicted by the pressure
distributions shown in Fig. 5 are generally referred to in the
literature as "closed" cavity flow for the case shown for
D/L = 0.052 and as "open" cavity flow for the case shown for
D/L = 0.225.

Examples of closed and open cavity flows are further
illustrated by the oil flow photographs shown in Fig. 6. These
results were obtained during the Sparrow model tests and are
presented for a cavity of fixed depth (D/L = 0.088) at Mach
numbers of 2.36 and 2.86. These results indicate that the type
cavity flowfield also depends upon Mach number as well as
depth-to-length ratio. In general, the closed and open
flowfields characterized by the oil flow photographs shown in
Figs. 6a and 6b, respectively, are consistent with the
flowfields reasoned from the pressure distributions shown in
Fig. 5.

The results presented in Figs. 5 and 6 show that for the case
of closed cavity flows, large interactions occur between the
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Fig. 8 Effect of cavity depth on trajectory of full-scale missile using
simplified two-degree-of-freedom analysis and measured aerodynamic
characteristics, M=2.36, # = 4.79 kPa.

flowfield and the cavity, whereas for the case of open cavity
flows relatively minor interactions occur. The large in-
teractions of the closed cavity flow would be expected to have
significant effects on store aerodynamic characteristics
during separation and the determination of this effect is the
primary purpose of this study. Shown in Fig. 7 are measured
normal-force coefficients and pitching-moment coefficients
for a wing-control store-model during separation through
both a closed and an open cavity flowfield. Actually, the
results shown are for two different store models: the Sparrow
model and the generic wing-control model. However, due to
the similarity of these two models, as shown in Fig. 4, the
effects shown in Fig. 7 can be attributed primarily to flowfield
differences rather than model geometry differences. In order
to facilitate safe separation of the store from the cavity, the
values of both CN and Cm should be near zero or slightly
negative. The data show that this trend exists for the open
cavity flow; for the closed cavity flow, however, large positive
values of both CN and Cm are measured with the store in the
cavity flowfield. The large positive pitching moments are a
result of the model nose being located in an upwash field
created by the flow expanding into the cavity and the model
tail being located in a downwash created by the flow exiting
from the cavity.

The aerodynamic characteristics shown in Fig. 7 were used
to make simplified two-degree-of-freedom trajectory
calculations (Eqs. 7 and 12 of Ref. 6) for a typical full-scale
wing-control missile separating from a cavity into both an
open and closed cavity flowfield with an ejection velocity of
6.1 m/s. These results are presented in Fig. 8. To obtain the
results shown in Fig. 8, it was necessary to know values of CN
and Cm for a ^0 as well as for a ̂ 0. The values for /c^O were
not measured in the present tests, but were estimated from the
equations:

(CN)a = (CN)a=0+(dCN/da)a

where values of dCN/da and dCm/da were assumed to
correspond to freestream values and were determined from
the data of Ref. 2. Presented in Fig. 8 are the variations with
time of missile angle of attack and separation distance relative
to the plate surface. For the closed cavity flowfield, the large
positive pitching-moment coefficients result in the missile
angle of atack increasing very rapidly after ejection. The
resulting increase in lift combined with the lift at a = 0 shown
in Fig. 7 results in the missile being forced back into the
cavity, even though it had an initial downward ejection
velocity of 6.1 m/s and a mass of approximately 227 kg. For
the case of the open cavity flowfield, the missile angle of
attack remains approximately zero and falls through the
cavity flowfield without incident.
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Fig. 9 Results from wind-tunnel bomb release tests at supersonic
speeds.
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Fig. 10 Comparison of measured and predicted critical depth-to-
length ratios for cavities in a flat plate.

Although very limited information is available in the
literature concerning store separation characteristics for a
closed cavity flowfield, one source7 was found that reports
results from bomb release tests for a variety of cavity con-
figurations at supersonic speeds, some of which apparently
had closed cavity flow. The parent body for these tests was a
fuselage that consisted of a circular cylinder streamlined fore
and aft with part of the upper half removed. The cavities, or
bomb bays, were located at approximately midlength of the
fuselage. The bomb model for these tests simulated a 2268 kg
bomb and the trajectories for the drop tests were determined
using high-speed motion picture photography. Shown in Fig.
9 are drop-test trajectories from two cavities having values of
D/L that are about the same as for the results shown in Fig. 8.
It should be noted that although the deep cavity shown in Fig.
9 is a box-type cavity, the shallow cavity is more of a con-
toured cavity matching the bomb contour and has a maximum
D/L ratio of 0.1. The bomb trajectories show that for the
deep cavity, the bomb separates cleanly, whereas for the
shallow cavity, it pitches up shortly after release and regresses
back into the fuselage. This effect of cavity depth on store
separation characteristics is consistent with the present wind-
tunnel results presented in Fig. 7.

Results presented herein show that stores separating from
cavities in a flat plate having open and closed flowfields have
radically different separation characteristics and that the type
of flowfield is dependent upon cavity depth-to-length ratio
and freestream Mach number. Shown in Fig. 10 is an em-
pirical curve from Ref. 5 showing the variation with Mach
number of the critical depth-to-length ratio between open and
closed cavity flows. This curve is based on experimental data

obtained behind aft facing steps and ahead of forward steps.
Values of D/L greater than the critical values correspond to
open cavity flows, whereas values less than the critical values
correspond to closed cavity flows. Also presented in Fig. 10
are measured data from the present tests and from the
literature where the type cavity was determined from either
pressure tests or oil flow tests. The solid symbols represent
experimentally determined closed cavity flows and should fall
below the critical curve, whereas the open symbols represent
open cavity flows and should fall above the critical curve. The
experimental data indicate that the critical curve should occur
at lower values of D/L than predicted for M>2. The data
also suggest a continuous decrease in the critical D/L values
with increasing Mach number, whereas the prediction in-
dicates the critical values of D/L increase with increasing
Mach number for M<2.5 and decrease with Mach number
for greater Mach numbers.

Additional tests are planned using some of the existing
hardware to provide a more complete data base describing the
box-cavity flowfield and associated store separation
characteristics. These tests will be conducted for a large
number of cavity depth-to-length ratios for freestream Mach
numbers from 1.5 to 3.0. Once the effects of the flat plate and
box-cavity flowfield are defined, store separation charac-
teristics will be measured in the cavity flowfield of more
representative parent body configurations. Additional
variables being considered for future tests consist of cavity
geometry, store geometry, and store angle of attack.

Concluding Remarks
An experimental investigation has been conducted to

determine the aerodynamic characteristics of a typical wing-
control missile configuration during separation from a box-
type cavity having depth-to-length ratios (D/L) ranging from
0.088 to 0.225. The cavity was located in a splitter plate that
spanned the low Mach number test section of the Langley
Unitary Plan Wind Tunnel. Aerodynamic characteristics are
presented for Mach 2.36 and a freestream unit Reynolds
number of 6.6x 106/m. Results from these tests lead to the
following concluding remarks:

1) For the shallow cavity (D/L = 0.088), large interactions
existed between the cavity and the flat plate flowfield which
resulted in unfavorable separation characteristics for the
missile model.

2) For the deep cavity (D/L = 0.225), the flat plate
flowfield essentially bridged the cavity, resulting in minor
interactions and favorable separation characteristics for the
missile model.
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