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1.0 INTRODUCTION

Wind tunnel testing and analysis of three-dimensional cavity (weapons bay) configurations

to evaluate the internal separation of stores and to define the acoustic environment are contin-
uing activities at the Arnold Engineering Development Center (AEDC) (Refs. 1-2). A comple-
mentary computational fluid dynamics (CFD) approach to the testing programs also is under

investigation at the AEDC and is the subject of this report. The primary objective of the

current CFD effort is to develop capabilities for computational support of internal store
separation testing. Specifically, computational capabilities to predict store trajectories and

strut or sting interference are targeted by this effort. This computational capability can also
be applied to the evaluation of the acoustic environment of the weapons bay, although it
was not within the scope of this effort. The first step in the investigation, the computation

of unsteady flow in an empty three-dimensional cavity, is documented in Ref. 3. Additional
results for an empty weapons bay are presented here to demonstrate improvements in the
computational techniques made since Ref. 3 was published. Furthermore, a different weapons

bay geometry is considered in the current work. The second step is the computation of the
flow field in a weapons bay with a store that is both unsupported and supported by a sting.

There are three methodologies that can be considered as possible approaches to estimate
the trajectory of a store computationally. Two of these methods require the coupling of CFD

calculations with existing AEDC trajectory prediction codes (Ref. 4). These two methods
are similar, in principle, to the methods used to obtain trajectory predictions using wind tunnel
data. The first of these methodologies requires a single CFD calculation for a clean weapons

bay configuration (without stores). The resulting local flow angles and Mach numbers are
used with the Flow-Angle Trajectory Generation Program (Ref. 4) to produce trajectory predic-
tions. Wind tunnel probe data of local flow angularity and Mach number are used in a similar

manner in the corresponding test procedure. This approach allows parametric studies of a
variety of stores to be performed easily, although mutual interference between the store and

aircraft (including the weapons bay) is not included. To ;nclude mutual interference, the second
methodology calls for a number of CFD solutions to be performed with the store at different
locations and orientations, within and about the weapons bay, producing store grid data

in a manner identical to store grid data obtained from tests in a wind tunnel. The computed
store grid data would then be used with the Multi-Dimensional Interpolation Trajectory

Generation Program (Ref. 4) to obtain store trajectory predictions. The third method is a
complete CFD prediction in which calculated loads on the store are used to determine the
movement of the store throughout its trajectory. This method uses a moving computational
grid scheme (Refs. 5-7) and requires a time-accurate calculation.

To further enhance internal store separation testing, the interference that a strut or sting
has on store loads must be assessed. Strut or sting interference can be obtained by modeling

7
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a store with and without its support hardware. The differences between the two calculations

provide a measure of the interference caused by the strut or sting (Ref. 8).

Cavity flow is an unsteady phenomenon with large velocity and pressure fluctuations inside

the cavity (Refs. 9-12). Cavity flow can be categorized into three types: open, closed, and

transitional (Ref. 13). For all of these cavity flow types, the flow is driven by the exteinal

stream. A boundary layer develops over the body upstream of the cavity, separates from

the leading edge of the cavity, and becomes a free shear layer. The shear layer typically oscillates

in and out of the cavity, developing a highly vortical flow in the cavity. As shown in Fig.

la, for open cavity flow (length-to-height (L/H) ratio less than about 9), the shear layer sr-ans

the cavity and stagnates on the aft wall. For closed cavity flow (L/H greater than about 13)
the flow attaches to the bottom wall of the cavity as shown in Fig. lb. Cavities with an L/H

between about 9 and 13 are considered to be transitional, where either type of flow may

occur. These L/H ranges for open, closed, and transitional cavities are not precise and are

used only as a general guideline in categojizing cavity flow.

Experimentally, studies have also been performed with stores placed within the weapons

bay. Recent studies at AEDC (Refs. 1-2) and at NASA Langley (Ref. 14) have investigated

the loads and trajectories of stores within a weapons bay for subsonic through supersonic
Mach numbers. For a survey of the experimental studies done at supersonic speeds, see Ref. 15.

Several numerical studies which solve the Navier-Stokes equations for two- and three-
dimensional cavity flows have been made over the past several years. The two-dimencional

computations will be discussed first. Hankey and Shang (Ref. 16) performed computations

for a rectangular cavity (L'H = 2.3) at a free-stream Mach number (M".) of 1.5. These
results were compared with experimental static pressure measurements represented as pressure

coefficients and sound pressure levels. Baysal and Stallings (Ref. 17) performed calculations
for a range (L/H = 6, 12, and 16) of cavities at M,. = 1.5 and cor. * -'d the computations
to measured static pressure data. Computations of midplane flow in and around an airborne

telescope cavity at M, = 0.8 were performed by Venkatapathy, et al. (Ref. 18) with

comparisons to experimental measurements of the streamwise velocity component, total
pressure, mass flux, and Mach number. Dougherty, et al. (Ref. 19) computed the flow for

a cavity (L/H = 2) at M,,. = 0.6, 0.8, and 1.2, concentrating on the acoustic environment

in the cavity.

Extensive three-dimensional computations also have been made. -)mputations were

performed by Gorski, et al. (Ref. 20) for a simplified version of an F-I 11 weapons bay at

M,. = 2.36, although no comparisons with data were made. Suhs (Ref. 3) performed

computations for cavities (L/H = 5.6) at M,, = 0.74 and 1.5 with comparisons to static
pressure data represented as pressure coefficients and sound pressure levels. Other numericail

8
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cavity studies include the work of Rizzetta (Ref. 21) and Baysal, et al. (Refs. 22-23). Rizzetta's
calculations (Ref. 21) were for a cavity (L/H = 5.0) at M0. = 1.5 and include a comparison
to static pressure data as well as the frequency spectrum of the fluctuating pressures in the
cavity. The Baysal, et al. (Ref. 22) calculations were for cavities (L/H = 6 and 16) at
Mo = 1.5, and the results were compared with time-averaged static pressure data. The
transonic solutions presented by Baysal, et al. (Ref. 23) for M0. = 0.58 (L/H = 11.7) and
M. = 0.9 (I/H = 4.4) are compared with tinrr-averagcd static pressure data. The

comparisons of the computations with the experimental data for the preceding numerical
studies typically showed good agreement for the supersonic Mach number computations and
poorer agreement for the sub.,onic and transonic Mach number computations.

Computations for a storn. mounted on a support in a three-dimensional cavity have been
made by Baysal, et al. (Ref. 24) for supersonic flow at M,,. = 1.65 and 2.75. The agreement
between th.- computations and the experimental static pressure data within the cavity was
good, and the agreement for the store loads was mixed.

The approach of using the complete Navier-Stokes formulation was followed in all of
the above numerical studies (Refs. 16-24), with the exception of the study by Suhs (Ref. 3),
which uses the thin-layer approximation to the viscous terms in one direction. All of the
studies used some form of an eddy viscosity model to simulate turbulence.

The computations presented in this report demonstrate the ability to compute the flow
in a three-dimensional cavity at transonic Mach numbers using the thin-layer approximation
to the viscous terms, w.hich is a less computationally intensive approach. Comparisons with
data include stac pressure orifice data and differential pressure transducer data for locations
on the cavity walls as well as on the store. A description of the experimental data is presented
in Section 2.0. The numerical procedure used to perform computations is described in Section
3.0. Comparis. is of the computations with the experimental data, as well as analysis of these
results, are presented in Section 4.0, with conclusions and recommendatioits in Section 5.0.

2.0 EXPERIMENTAL DATA DESCRIPTION

Data used --r comparisons wtre acq: ired during the Weapons Internal Carriage Separation
Program (WICS), which was sponsored by the Air Force Armament Laboratory (AFATL)
to establish a database for internal carriage and release of stores (Refs. 1-2). The basic
configuration tested was a generic flat plate and cavity with a store mounted on a bent sting
(Fig. 2). For convenience the store -' ting combination will be referred to as the store/sting
while the store without the sting will be referred to as the store alone. The store/sting was

placed at various locations within and about the flat plate and cavity configuration.
Measurements were taken at Mach numbers from 0.6 to 5.0 in AEDC Aerodynamic Wind
Tunnel 4T and Supeisonic Wind Tunnel A.

9
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2.1 MODELS AND INSTRUMENTATION

The generic flat plate and cavity model, as well as typical instrumentation locations, are

shown in Fig. 3. The store shown in Fig. 4 is an ogive-cylinder-ogive without fins and is
mounted on a bent sting. The sting is connected to the wind tunnel captive trajectory system

(CTS) which controls the movement and positioning of the store (Ref. 1). Particularly note
the store free-stream side and cavity side, since these designations will be used in the discussions

in the following sections.

Two basic types of instramentation, static pressure orifices [connected to Electronically

Scanned Pressure (ESP) modules] and flush-mounted differential pressure transducers, were

installed on the flat plate, cavity, and store (Refs. 1-2). The generic cavity configuration is

equipped with 95 static pressure orifices and 33 differential pressure transducers. The store
is instrumented with 38 static pressure orifices and 6 differential pressure transducers.

2.2 EXPERIMENTAL DATA

When the experimental data are compared with computations, it is important to consider

the methods used in processing the signal received and recorded by each instrument type.
The methods used are discussed to allow an objective interpretation of the comparisons of

the experimental data with the unsteady flow computations.

2.2.1 Static Pressure Orifices

Each static pressure orifice is sampled 15 times per sec (once every 66 msec). The most
recent 15 values are averaged to give the recorded value of pressure at each location following

standard steady-state-flow ESP sampling techniques. With such a coarse sample of a rapidly
varying flow, it is not surprising that repeat static pressure coefficient (Cp) orifice
measurements using steady-state techniques show variations in magnitude greater than the

typical uncertainty (+0.01 in Cp) for steady flow. Such measurements, expressed as Cpe,

are shown in Fig. 5 for the centerlines of the front, bottom, and aft walls of an empty cavity
for 13 samples at M. = 0.60 and 5 samples at M. = 0.95 and 1.20. These variations in
CP are large in the subsonic and transonic Mach number range but are not as pronounced
in the supersonic Mach number range. The same wide variation in Cpe from repeat
measurements, using standard steady-state ESP sampling techniques, was also observed for

subsonic and transonic flow by Plentovich (Ref. 25). Clearly, the wide variations observed
must be taken into account when they are compared to the computed results.

10
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2.2.2 Differential Pressure Transducers

The differential pressure transducers measure the difference between the pressure acting

on the transducer surface and a reference pressure. For all differential pressure data, the
reference pressure was the static pressure in the instrumentation housing of the flat plate

and cavity (Fig. 3), which was essentially free-stream static pressure. The differential pressure
measurements were recorded at a rate of 10,000 samples/sec and analyzed using fast Fourier
transform techniques to obtain power spectral density distributions for each sensor location.
For comparison to computational results, the overall sound pressure level (SPL) at each sensor

location was used.

3.0 NUMERICAL PROCEDURE

3.• CHIMERA METHODOLOGY

Several factors were taken into account in determining the numerical approach to use
in the present study. First, cavity flow has been shown experimentally to be unsteady; hence,

the numerical flow solver must be time accurate. Second, the shear layer that crosses the
cavity opening should be spatially resolved. Finally, cavity flow problems become even more
complex with the addition of doors, acoustic suppression devices (fences, rakes, vortex
generators), and stores. Domain decomposition is a convenient methodology for treating
these complex configurations. Thus, the chimera embedded grid scheme (Refs. 26-28) was
chosen as the numerical approach for solving three-dimensional cavity flow.

The chimera scheme allows the computational domain to be divided into simpler over-
lapping regions for which grids are more easily constructed. The chimera scheme is composed

of two codes. The first, PEGSUS (Ref. 28), takes individually generated grids as input and
defines the communication and interpolation data among interacting grids. The second,
XMERA, takes as input the composite grid and interpolation data created by PEGSUS and
calculates the flow field. XMERA is a 3-D implicit Navier-Stokes codc based on the Pulliam-
Steger algorithm (Ref. 29) with a thin-layer approximation to the viscous terms in one direction
(normal to the flat plate and the bottom wall of the cavity, Fig. 1). The algorithm is first-

order accurate in time and uses the Baldwin-Lomax turbulence model (Ref. 30). The turbulence
model is used only on the flat plate and not within the cavity.

3.2 ACCURACY AND NUMERICAL STABILITY

The flow in a cavity is unsteady and requires the computation to have sufficient temporal
(time step) as well as spatial (grid spacing) resolution to accurately define the flow. Specifically,
the time step must be small enough to resolve the frequencies observed in the cavity, while

!!
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the grid must resolve the shear layers on the cavity walls and stores. Both the time step and
grid spacing play an important role in the numerical stability of the solution.

Numerical stability considerations can be illustrated by considering an explicit solution
algorithm. The relationship for the maximum allowable time step for numerical stability of
a compressible inviscid flow (Ref. 31) is given by:

Ati < ((lul/AX) + (lvl/AY) + (fwl/AZ) + (1)

a [(1/AX 2) + (l/Y 2) + (I/AZ 2)10 .5}1-

When compressible viscous flow is considered, the following modification (Ref. 31) is required:

At, < Ati / (1 + 2/ReA) (2)

where:

ReA = min (ReAx, ReAy, ReAz)

ReAx = J lul AX/j,

ReAy = Q IvI AY/As

Reaz Q Iwi AZ/

From Eq. (2), as

u,v or w - 0, or AX,AY or AZ - 0, then ReA - 0 and Atv - 0.

Also note that as

Rex - oo, then At, - Ati as expected.

Based on these relationships and the fact that the time step required to resolve the physically
significant frequencies of the flow (Atf) is much greater than either numerical time step
restriction, the following relationship is obtained:

At, < Ati < Atf

Hence, At, determines the maximum time step allowed.
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The accuracy and numerical stability must be balanced with the computer time required

to obtain a solution. In the cavity, the velocity components u, v, and w approach zero for
an appreciable distance from the corners. The minimum grid spacing for viscous flow is chosen

to resolve the laminar sublayer of the boundary layer on the solid surfaces. A balance between
accuracy and cost was achieved by increasing the grid spacing near the cavity walls, thereby

allowing the time step for numerical stability to be increased. The minimum grid spacing
used in the current work was smaller by a factor of 2 to 5 than that used in other computations
(Refs. 21-22) that utilized full Navier-Stokes flow solvers.

3.3 GRIDS

The grids for computing the flow field were generated to obtain good resolution for regions
with high flow gradients and sized to fit in the available computer memory of the AEDC

Cray X-MP/12. Fifteen different meshes were developed and combined into eight
configurations required for the computations. To decrease the computational time required
for each solution, the domain was reduced by one-half by assuming a lateral plane of symmetry.
Representative trial computations for the entire domain showed that the flow in an empty

cavity had this symmetry.

3.3.1 Empty Cavity Grids

For the computations of the flow in an empty cavity, two grids were generated. One grid

defined the cavity and a small region above the cavity opening, and the other grid defined
the region above the plate (see Fig. 6). Each region was discretized with a stretched Cartesian
grid. The points were clustered near walls and in the vicinity of the shear layer. The symmetry

plane is shown in Fig. 7.

Both exponential and hyperbolic tangent stretching functions (Ref. 32) were used to cluster

the points. The exponential stretching function was used for placing points where a specific
spacing is needed at only one end point, e.g., from the flat plate to the far-field boundary.
The hyperbolic tangent stretching function was used when a specific spacing was needed at
both ends of a line, e.g., from the front wall to the aft wall and from the bottom wall to

the opening of the cavity.

One difficulty with using the hyperbolic tangent stretching function is that the values which
are calculated for the spacing at each end of a line are not equal to the values which were
initially specified. These values can differ by 10 percent or more. To ensure that the specified
spacing is obtained, an iterative correction procedure was developed.
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3.3.2 Store/Sting and Store-Alone Grids

The store and sting are represented with separate body-conforming grids. The store and
sting grids were generated separately to allow for the removal of the sting, and therefore,

to obtain solutions for the store without the sting. The grid points on the body and symmetry
plane surfaces were obtained by using both exponential and hyperbolic tangent stretching

functions. The interior mesh points were obtained by using transfinite interpolation (Ref.

33). The symmetry plane of the store and sting grids is shown in Fig. 8a. When a store-alone
solution was required, the sting grid was omitted and replaced with one which closed the
aft end of the store (see Fig. 8b).

3.3.3 Free-Stream Grids with the Store/Sting and the Store Alone

The grids used for the free-steam calculations of the store/sting and store alone are all
stretched Cartesian grids. Shown in Fig. 9 is the symmetry plane for the free-stream grids
used for both the store/sting and the store-alone computations. Points interior to the store

and sting are excluded from the grids because they are not part of the solution when the
store/sting (Fig. 9a) or the store-alone grids (Fig. 9b) are present. The chimera scheme provides
the proper communication among the free-stream and the store/sting or store-alone grids.
Also note the grids that have been embedded around the store and sting to increase the overlap

among the grids.

3.3.4 Cavity Grids with Store/Sting and Store Alone

Two grids are used to define the region above the plate and three grids to define the cavity

and a small region above the cavity opening (see Fig. 10). The reason for the increased number
of grid points in the cavity with the store present was the need to have sufficient overlap
when embedding the store, sting, and store cap grids. In Fig. I Ia, the symmetry plane of

the flat plate and cavity grids is shown with the store/sting embedded. Shown in Fig. I lb
are the same symmetry plane grids, but with the store alone embedded. As was the case for
the free-stream grids in Fig. 9, the points excluded from the grids are points that are not
part of the solution because of the embedded store/sting (Fig. I la) or store-alone grids (Fig.

lIb).

3.4 INITIAL/BOUNDARY CONDITIONS

Figure 12 illustrates the location of each of the surfaces on which boundary conditions
are specified. The conditions are as described below. The Y = 0 plane is the plane of symmetry
and the side plane coincides with the side edge of the flat plate.
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3.4.1 Inflow Surface

Two approaches were used to define the boundary conditions on the inflow surface. One
was to locate the inflow plane about one cavity length upstream of the flat plate leading

edge and allow the boundary layer to develop along the plate. All points on the inflow surface
(see Fig. 12) were set to free-stream conditions. This approach was used in the preliminary
work on cavity flow calculations (Ref. 3) and was used in the present computations at

M,. = 0.60 and 0.95. The other approach located the inflow plane 1.0 cavity depths
upstream of the leading edge of the cavity, with the inflow velocity profile set to that of
a turbulent boundary layer corresponding to that location. The velocity profile was computed
based on the 1/7th-power law, and the density and energy terms were computed from the
X-distribution of the experimental static pressure with an assumed zero normal pressure
gradient through the boundary layer. This approach was used for the cases with M. = 1.20.

3.4.2 Solid Wall Surfaces

The no-slip condition was imposed on the solid surfaces of the plate and cavity. This

is the correct condition for the cavity bottom wall and for the flat plate since the thin-layer
viscous terms are included normal to these surfaces. For the cavity front, aft, and side walls,

the no-slip condition was used as a matter of convenience to avoid double-valued points at
the edges and corners. It was felt that the use of the no-slip conditions (as opposed to the
normally used inviscid slip conditions) was justified because a computation with thin-layer
approximations for all surfaces showed no significant changes in the computed flow.

Inviscid slip conditions were imposed on the solid surfaces of the store and sting. This

condition was used to keep the run time to a minimum for these calculations (i.e., if the
no-slip condition were used and the viscous terms were resolved near these surfaces, finer
grid spacing would be required which would greatly increase the run time). A test case, with

the viscous terms and no-slip conditions imposed on the store and sting, showed only small
changes in the results from those with the slip boundary conditions.

3.4.3 Side and Symmetry-Plane Surfaces

Symmetry conditions were enforced on the side surface (see Fig. 12) of the grids exterior
to the cavity and on the symmetry plane of the cavity.

3.4.4 Upper Surface

The boundary conditions for the upper surface (see Fig. 12) were set to free-stream condi-

tions, except for the value of the Z-component of momentum, which was evaluated by zeroth-

order extrapolation.
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3.4.5 Downstream Surface

The conditions on the downstream outflow surface (see Fig. 12) depended on whether

the local flow was subsonic or supersonic. If the flow was subsonic, all flow variables except

the energy were set by zeroth-order extrapolation. The energy was calculated assuming free-
stream pressure and the extrapolated values. If the flow was supersonic, all values, including

energy, were set by zeroth-order extrapolation.

3.4.6 Initial Conditions

The flow velocity in the cavity was set to zero. A linear velocity distribution from zero

to the free-stream value was imposed on the 10 planes (-0.025 < Z/H < 0) adjacent to

the flat plate for the flow at M,,, = 0.60 and 0.95. The remainder of the grid was set to
the free-stream value. For the flow at M. = 1.20, where a boundary-layer profile was
prescribed at the inflow surface, this profile was used as the initial condition across the entire

exterior grid. It was found that the thickness of the initial boundary layer should be as realistic

as possible since an inaccurate distribution could have a profound effect on the decay of
the initial condition transients. Particularly, if the boundary-layer thickness is initialized too
large, the computation would require significant additional time steps before the starting

transients disappear.

3.5 COMPUTATIONAL DATA ANALYSIS TECHNIQUES

Calculations of CP and sound pressure level (SPL) are compared to experimental data.
Since cavity flow is unsteady, the SPL and the time-averaged pressure coefficient (Ce) are

obtained by integrating over a time interval (Tavg) long enough to ensure that Cp is no

longer changing if the time interval is increased from Tavg. From experience, Tavg was
determined to be a minimum of 6tc, where the characteristic time, tc, is the time required
for the flow to traverse the length of the cavity at the free-stream velocity. At M". = 0.60,
0.95, and 1.20, tc is 0.00225, 0.00149, and 0.00123 sec, respectively, based on the test
conditions. To ensure that the starting transients have decayed, solutions are calculated over

5tc prior to beginning the Tavg interval used in the determination of C(P and SPL. The SPL
in decibels (dB) is defined as:

SPL(dB) = 180 + 20 Iog[Prms/Pref] (3)

where Prms is the root-mean-square of the pressure fluctuations about the average in pounds
per square inch (psi) and Pref is equal to 2.90075 psi (a standard reference pressure).
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4.0 RESULTS AND ANALYSIS

This section addresses the accuracy of the computations by comparison with experimental
data, represents the computed flow by numerical visualization techniques, and analyzes the
interference that the sting support has on the store. First, in Section 4.1 results of the

computations for the empty cavity (L/H = 4.5) are presented. The computations for the
store/sting in a free-stream flow and in the cavity are presented in Sections 4.2 and 4.3. Finally,
the computations for evaluating the sting interference are presented in Section 4.4.

4.1 EMPTY CAVITY

Computations were performed for the empty cavity at M,, = 0.60, 0.95, and 1.20.
Comparisons of these results to experimental data are given in Section 4.1. 1. Selected graphical
representations for these computations are presented in Section 4.1.2.

4.1.1 Data Comparisons

Comparisons of computations to experimental data for an empty cavity at M. = 0.60,
0.95, and 1.20 are given for Cp and SPL. Extensive comparisons are given for the empty

cavity at M,, = 0.60. Of special note are the comparisons for Cp along the centerlines of
the front, bottom, and aft walls, lateral variations along the bottom wall, and vertical variations
along the side walls. At M,, = 0.95 and 1.20, comparisons are made only for the centerlines
of the front, bottom, and aft walls, since the trends observed in the lateral and vertical
variations are similar to those at M,, = 0.60. For all Mach numbers, the comparisons of

computations to experimental data for SPL are shown only for the centerlines of the front,
bottom, and aft walls of the cavity.

For the comparisons of computations with experimental data, the experimental values
of Cpe, such as those from Fig. 5, are illustrated along with the calculated values of Cp. The
calculated results are represented by Cp (solid line) and the sum of Cp plus/minus the stan-
dard deviation of the time history of the calculated pressure coefficients about Cp (Cps, dash-
ed lines). Cps is shown because it displays the variations that are present in the calculations
with respect to the variations of the measurements.

4.1.1.1 M,. = 0.60

Given in Fig. 13 are the comparisons of the computations to the experimental data for
the empty cavity at M. = 0.60. Shown in Fig. 13a are the Cp distributions along the
centerlines of the front, bottom, and aft walls of the cavity. The spread of experimental data
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is bounded by the computational results Cps. On the other hand, as shown in Fig. 13b, the

agreement was not as good for the overall SPL, especially for 0.65 < X/L < 1.0 on the
bottom wall of the cavity. In Figs. 13c and 13d are plots of the Cp distributions along the

bottom wall for two different spanwise locations. Both of these comparisons display good
agreement. The computed Cp distributions from Figs. 13a, 13c, and 13d at the three lateral
locations are summarized in Fig. 13e. Only small spanwise variations in Cp are seen across

the cavity bottom wall in Fig. 13e. Shown in Figs. 13f, 13g, and 13h are the Cp comparisons
for the side wall at different depths (Z/H) within the cavity. Again, good agreement is seen.

The computed C(P distributions from Figs. 13f, 13g, and 13h at the three depths are sum-
marized in Fig. 13i. Also, only small variations in Cp with Z/H are observed for the com-
putations, as shown in Fig. 13i.

4.1.1.2 M= = 0.95

Shown in Fig. 14 are comparisons for an empty cavity at M, = 0.95. In Fig. 14a, the
Cp distributions along the centerlines of the front, bottom, and aft walls of the cavity are

compared. Depicted in Fig. 14b is the comparison of the SPLs with very good agreement

apparent between the computations and the experimental data. Both the amplitude and trends
are predicted by the computation.

4.1.1.3 M,. = 1.20

In Fig. 15 comparisons for the empty cavity at M. = 1.20 are illustrated. Similar to

the results obtained at M. = 0.95, the comparisons of computations with experimental data

are satisfactory for the pressure coefficients shown in Fig. 15a and for the SPL shown in
Fig. 15b.

4.1.2 Graphical Representation of the Computed Flow

Cavity flow is known to be unsteady, but the degree of unsteadiness is typically not
appreciated. In Figs. 16-21, the graphical representation of the empty cavity results is illustrated

to point out particular features of the flow. In each of these figures, three instants are shown
to illustrate the temporal variations. Shown in Fig. 16 are the Mach contours in the plane

of symmetry at M, = 0.60. Very low-speed flow with small variations occurs in the front
region of the cavity, and significant changes occur in the aft region from one instant to the

next. Illustrated in Fig. 17 are the velocity vectors in the plane of symmetry at M,.. = 0.60.
The direction and magnitude of the velocity clearly change dramatically from one instant

to the next, with significant regions of reversed flow evident. For Figs. 18 and 19, the flow
field is reflected about the symmetry plane for ease of visualization. In Fig. 18, velocity vectors
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are illustrated at three different longitudinal cross sections at Mo, = 0.60. Again, the flow
direction clearly changes very rapidly. Depicted in Fig. 19 is the mass flow through the opening

of the cavity at M., = 0.60. The height of the contours below or above the cavity opening
indicates the relative local mass flow into or out of the cavity. The figure demonstrates the

three-dimensional nature of the flow as well as the temporal fluctuations. In Figs. 20 and

21, Mach contours in the plane of symmetry are shown for M.. = 0.95 and 1.20. Again,

low-speed flow is noted in the front of the cavity, and higher speed flow with large temporal
variations exists in the aft region of the cavity.

The graphical representation gives evidence of the nature of the time- and space-dependent

variations in the cavity, especially the large amplitudes in the region aft of the cavity midpoint.

It is in this region, and on the aft wall in particular, that both the repeat Coe measurements
and the computed C(P and Cps results have the greatest variability in the com-

parisons of Figs. 13a, 14a, and 15a in Section 4.1.1.

4.2 STORE/STING IN A FREE-STREAM FLOW

The computational results for the isolated store/sting configuration in a uniform steady-

state free-stream flow are presented to demonstrate the validity of the computational method

for this geometry. The time-accurate computations for this configuration converged to a steady-
state solution. Comparisons of the computed steady-state Cp distributions with the steady-

state experimental data are shown in Figs. 22-24 for M,. = 0.60, 0.95, and 1.20. Shown

in each figure are the CP distributions on the free-stream and the cavity sides of the store,

as well as the difference in Co between the two sides. The difference in Cp between the free-

stream and cavity sides is defined as

ACp = Cp,free-stream side - Cp,cavity side (4)

The ACp distribution along the length of the store is illustrated to give a relative indication

of the loads in the Z direction that would be experienced by the store. In this case, non-zero
values of ACP arise from the asymmetric sting. For all store resultv, X/L relates the position

of the store in the cavity, where X is the axial distance of a point on the store measured
from the front wall of the cavity, and L is the length of the cavity. Thus, the store nose

is at X/L = 0.026 and the boattail of the store intersects the sting at X/L = 0.824. For

all three Mach numbers, the comparisons of the computations with the experimental data
are very good. The only small disagreement occurs just aft of the store nose at about X/L =
0.15 for M. = 0.95 and 1.20 where the shock location is in error because of the inviscid

flow approximation on the store/sting.
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4.3 STORE/STING IN THE CAVITY

Computations were performed for the store/sting in the cavity at M. = 0.60, 0.95, and

1.20. For all Mach numbers the store was located at Zs/H = 0. Additionally, computations
were made with the store located at Zs/H = 0.75 and -0.30 for M.c = 1.20. Depicted in

Fig. 25 are the three locations of the store used for the computations. For all computations

the store nose is located at X/L = 0.026. Comparisons of these results to experimental data

are given in Section 4.3.1. Graphical representation of the flow for these computations is
illustrated in Section 4.3.2. The store pressures are discussed in Section 4.3.3.

4.3.1 Data Comparisons

Comparisons of computations to experimental data for the store/sting in the cavity at

ZS/H = 0 for Mo, = 0.60, 0.95, and 1.20, and at Zs/H = 0.75 and -0.30 for M. = 1.20

are given for Cp and SPL. For these comparisons only one value of Coe is available at each
sensor location, unlike the empty cavity results which have five to thirteen measurements.

Comparisons along the centerlines of the front, bottom, and aft walls are made for both
CP and SPL. Since the trends observed in the results for lateral and vertical variations along
the bottom and side cavity walls, respectively, were similar to those for the empty cavities,
Figs. 13c - 13i, these comparisons are not shown with the store/sting present. Comparisons

of computational with experimental Cp distributions on the store are made for the free-stream
and cavity sides of the store and the ACp difference [Eq. (4)1 between the sides.

4.3.1.1 M0. = 0.60, Zs/H = 0

Comparisons of the computations with the experimental data are shown in Fig. 26 for
the store/sting in the cavity at M., = 0.60 and the store at Zs/H = 0. In Fig. 26a, the Cp
distributions along the centerlines of the front, bottom, and aft walls of the cavity are
illustrated. The agreement between the computations and the data is reasonable, with the
exception of the portion 0.45 < X/L < 0.95 of the bottom wall. However, the agreement
was not good for the overall SPL along the centerlines of all three walls of the cavity (Fig.

26b). This latter trend was also observed for the empty cavity at M., = 0.60 (see Fig. 13b),

but is more pronounced here.

Comparisons of the computed and measured Cp distributions on the free-stream and
cavity sides of the store are shown in Figs. 27a and 27b, respectively. The agreement on the
store is unsatisfactory in the aft region of the cavity, similar to what was observed for the
cavity wall pressures. To investigate the overall effect that the poor agreement has on computing
store loads, ACP is shown in Fig. 27c. The computed ACP distribution gives a relative
indication of the store loads in the Z direction. As can be inferred, the loads on the store
would be predicted with relatively small errors.

20



AEDC-TR-92-4

4.3.1.2 MN', = 0.95, Z,/H = 0

Comparisons of the computations with experimental data are presented in Fig. 28 for

the store/sting in the cavity at Zs/H = 0 for M0. = 0.95. Shown in Fig. 28a are the Cp

distributions along the centerlines of the cavity walls. Similar to the comparisons at M, . =

0.60 (see Fig. 26a), the agreement is particularly poor in the aft region of the cavity. In Fig.

28b, the comparisons of the SPL are shown. The SPL agrees well with the exception of the

region 0.65 < X/L < 0.95. The Cp comparisons along the free-stream and cavity sides of

the store shown in Figs. 29a and 29b disagree everywhere on the store aft of X/L = 0.1.

This is even worse agreement than at M0. = 0.60 (see Figs. 27a and 27b). Nevertheless, the

ACp distributions shown in Fig. 29c indicate that the loads would be reasonably predicted.

4.3.1.3 M,. = 1.20, Zs/H = 0

Comparisons of the computations with experimental data are depicted in Fig. 30 for the

store/sting in the cavity at M . = 1.20 and the store at Zs/H = 0. Again, similar trends

are seen for the comparisons of Cp. In Fig. 30a, the Cp distributions along the centerlines

of the cavity walls are shown. The comparisons differ substarntially in the aft region of the

cavity. The comparisons for the SPL are very good, as shown in Fig. 30b. In Figs. 31a and

31 b, the comparisons of CP distributions are illustrated for the free-stream and cavity sides

of the store. Similar to the computations at M,, = 0.60 (Figs. 27a and 27b), the computed

CP increases along the aft portion of the store and does not compare well to the experimental

data. Depicted in Fig. 31c is the AC, distribution for the store. The front portion of the

store compares well, and the aft portion shows some divergence from the data. This is similar

to what was seen for M0. = 0.60 (Fig. 27c).

4.3.1.4 M0. = 1.20, Zl/H = 0.75

For this case, the store has been placed deep within the cavity at Zs/H = 0.75 (see Fig.

25). The comparisons of the computed and experimental Co distributions along the

centerlines of the front, bottom, and aft walls of the cavity (Fig. 32a) were found to be

somewhat less satisfactory than for Z,/H = 0 (Fig. 30a) as the store approaches the bottom

of the cavity. However, the computed and experimental SPL (Fig. 32b) compared better than

in Fig. 30b. The Cp comparisons along the free-stream and cavity sides of the store (Figs.

33a and 33b) also were unsatisfactory. However, good agreement between the computations
and the experimental data for ACp on the store is shown in Fig. 33c.
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4.3.1.5 M.. = 1.20, ZS/H = -0.30

The final case of the interaction between the store/sting and the cavity is with the store
located outside of the cavity at Zs/H = -0.30 (see Fig. 25). At this location the store is
farther from the influence of the cavity, and there is improved comparison between the

computations and the experimental data. In Fig. 34a, the comparisons of CP distributions
along the centerlines of the front, bottom, and aft walls of the cavity are given. Likewise,
the SPL is shown in Fig. 34b for the same centerline htcations. The comparisons of both
Cp and SPL are very good. In Figs. 35a and 35b, the comparisons for CP along the free-
stream and cavity sides of the store are shown and are very good. Finally, the ACP
distribution for the store is shown in Fig. 35c. It is unsatisfactory near the nose (X/L _<
0.2), which is in marked contrast to Figs. 31c and 33c. The influence of the cavity on the

store is still apparent when the Cp distributions on the store/sting in a free-stream flow (Figs.
24a qn'd 24b) and the results for the store/sting near the cavity (Figs. 35a and 35b) are
compared.

4.3.2 Graphical Representation of the Computed Flow

Mach number contours in the plane of symmetry of the store/sting in the cavity at M, =

1.20 for Z,/H = 0.75, 0, and -0.30, respectively, are shown in Figs. 36-38 at three instants.
As in the empty cavity flow field (Fig. 21), large variations in flow are seen between the different
instants. These figures clearly illustrate the range of flow N v:locities that a store must traverse
when it is released from a weapons bay.

The Mach number contours in Figs. 36-38 can be related directly to features of the time-
averaged pressure distributions on the store/sting. For example, as shown in Fig. 36 at

Z,/H = 0.75, the flow near the nose of the store/sting is nearly stagnant. This low-speed
flow results in the lack of significant amplitudes of both the measured CP e and computed CP
distributions in Figs. 33a and 33b on the free-streai=i and cavity sides of the nose, respectively.
The character ot the pressure distributions on both sides of the nose in Fig. 33 is in marked
contrast to the free-stream distributions for the store/sting at any of the M., in Figs. 22-24.
Even more striking are the results at Z,/H = 0. The remarkable feature shown for this case
in Fig. 37 is that the free-stream side of the store/sting nose essentially is in a nearly sonic
flow, while the cavity side is in a nearly stagnant flow. This is reflected in both the measured
CP,, and computed CV distributions in Figs. 31a and 31b. On the free-stream side, the

distribution is characteristic of the free-stream flow over the store/sting in a nearly sonic
flow (Figs. 23 and 24), whiae en the cavity side it is characteristic of the nearly stagnant flow,
as in Fig. 33b for Z,/H = 0.75. Finally, as the store/sting exits the cavity to Z,/H = 0.30,
the nose is almost entirely in a free-stream flow (see Fig. 38) so that the corresponding CP
distributions in Fig. 35 are in excellent agreement near the nose with the free-stream results
in Fig. 24.
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Finally, Fig. 39 Hilustrates the mass flow through the opening of the cavity that is realized
when the store is at that location (Zs/H = 0) at M,, = 0.60. See Fig. 19 for the empty cavity

equivalent. The overall character of the mass flow has not changed with the presence of the
store, except for a local region around the p(.rimeter of the store and sting.

4.3.3 Discussion of Store Pressure Distributions

A few remarks can be offered about the disagreement between .he computed and measured
Cp distributions on the ogive-cylinder-ogive store when it is within the cavity (see Figs. 27,
29, 31, and 33). This store is a very slender configuration with a constant diameter in the
interval of approximately 0.10 < X/L < 0.75. After correction for sting interference (see
Section 4.4.1), the free-stream Cp distributions on the cylindrical portion of this store at zero
angle of attack are approximately zero, which is consistent with the r'-sults for the two-velocity-
component static pipes used in wind tunnel flow-field measurements (Refs. 34-35). The theory
of Refs 34-35 is directly applicable to spatially varying, steady flows incident on a static

pipe. Basic results c f the theory are, first, that the average of the local Cp measurements
on the opposing sides of the pipe are, to first order, equal to the CP distribution which would
exist along the centerline of the pipe if the pipe were not present. The difference of the X-
component of the local centerline velocity from its free-stream (Au) value is related linearly

to the centerline Cp. Second, the Z-derivative of AU at the pipe centerline is proportional
to the local difference of the pressure coefficient between the opposing orifices (ACp). If
the assumption is made that the temporally varying flow effects on the store are of higher
order than the spatially varying effects, then static pipe theory can be used to evaluate the
flow in the cavity as though the store were not present. That is, the cylindrical portion of
the store can be considered to be a static pipe.

Although th- computational and experimental ACp distributions over the cylindrical

portions of the store are nearly zero (Fir-. 27c, 29c, 31c, 33c, and 35c), there are major
diffe; ences between the computational and experimental CP distributions with the store in
the cavity (Figs. 27a-b, 29a-b, 3 la-b, and 33a-b). The computed results generally display an
increasing Cp with X, which implies a decreasing Ad. On the other hand, the experimental

results generally display a decreasing Cpe with X, implying an increasing Aue. When the store
is beyond the cavity opening at Zs/H = - 0.30, the computed CP and measured Cpe distribu-
tions in Figs. 35a and b are in much better agreement than for the cases with Zs/H - 0.
This is consistent with the observation from the computed Mach number contours in Fig.

38 that the store basically remnains outside the shear layer.

The computations show the trend of the velocity in and near the center of the shear layer
to decay faster with X than in the experiment. This problem generally results from inadequate

spatial resolution which artificially diffuses the shear layer. Large oscillations of the shear
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layer cause it to move into regions with much coarser grid resolution. Thus, the differences

observed between the measured and computed CP may be caused by inadequate spatial
resolution of the shear layer. Further investigation of the details of the computed shear layer

is warranted.

4.4 STING IN IfERFERENCE

The interference induced on the store by the sting can be evaluated by removing the sting
and recalculating the flow field. This process was accomplished by replacing the sting grid
with a grid to cap off the end of the store (see Section 3.3.2). Experience has shown that

using the identical store mesh for both calculations gives the best support interference
predictions. Although no experimental data are available for the cases presented, the

computations are shown to demonstrate the capability of computing sting interference and

to prcvide an estimate of the magnitude of the interference.

Fiist, the sting interference for the store in a free-stream flow is discussed. These results

are presented to demonstrate sting interference computations for a simpler flow field for
which the interference is easier to understand. Sting interference with the store placed at Zs/H

= 0 in the cavity will be discussed next. The trends for sting interference in a free-stream

flow will then be compared to those for the store within the cavity. For both computations,
results at Mc, = 0.60, 0.95, and 1.20 are presented.

4.4.1 Sting Interference in a Free-Stream Flow

Steady-state computations for a store alone were made and compared to the computations
made for the store/sting in a free-stream flow (see Section 4.2). The Cp distributions are

shown in Figs. 40-42 for the free-stream and cavity sides of the store at Mo, = 0.60, 0.95,

and 1.20. In all three figures, the solid line is the computation of the store with a sting, and
the dashed line represents the computation of the store without the sting. As expected, greater
differences occur on the store farther upstream for the subsonic M,, = 0.60 and 0.95 cases

than for the supersonic M., = 1.20 case. Also, the difference in Cp distributions for the
free-stream side of the store is slightly greater than for the cavity side of the stoie. This result
was expected since the sting is bent very close to the base of the store in the direction of

the free-stream side of the store, thereby creating greater interference.

Sting interference was quantified by integrating the computed pressure distributions over
the store to give the coefficient of the normal force (CN) and the coefficient of the pitching

moment (Cm) of the stc . CN is positive in the + Z direction and Cm is positive nose down
into the cavity. The area of integration was the same for the store/sting and store alone,
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with no inclusion of forces from the base of the store. The values obtained for CN and Cm,

as well as the differences (ACN and ACre), where

ACN = CN, with the sting - CN, without the sting (5)

ACm = Cm, with the sting - Cm, without the sting (6)

are given in Table 1. For all Mach numbers, CN increases with the addition of the sting while
the Cm decreases. The largest changes in CN and Cm occur at M0. = 0.95, near sonic
conditions where support interference has been shown to be greatest (Ref. 8).

4.4.2 Sting Interference in a Cavity

Computations for a store alone at ZS/H = 0 in the cavity were made and compared to
computations for the store/sting (see Section 4.3). The first comparisons presented in Figs.
43-45 are the C(P distributions along the sides of the store at M,, = 0.60, 0.95, and 1.20.
These cavity comparisons differ greatly from the corresponding results for the store in a free-
stream flow (see Figs. 40-42). At M., = 0.60 (Fig. 43), the difference between the Cp
distributions is detectable from just past the store nose all the way to the aft end of the store
on the free-stream side and along the entire cavity side of the store. Interestingly, the shift
in Cp distribution changes sign over the aft quarter of the store. At M., = 0.95 (Fig. 44),

a large difference consisting of a nearly uniform positive shift in C(P is observed between the
Cp distributions on both the free-stream and cavity sides of the store. At M". = 1.20 (Fig.
45), the difference between the C(P distributions on the free-stream side of the store is similar
to the result obtained at M,, = 0.95 (see Fig. 44a), while on the cavity side, the difference
between the Cp distributions has a sign change over the aft portion of the store as it does
at Ma, = 0.60 (Fig. 43b).

The computed time-averaged CN and Cm, as well as their standard deviations (o) are
presented in Table 2 for the store/sting and store alone. The differences ACN and ACnm [Eqs.
(5) and (6)] are also given. Some of the trends seen in the free-stream flow results are also
seen here. The addition of the sting increases CN for M., = 0.95 and 1.20, but not for Ma, =
0.60. For all cases, the presence of the sting causes Cm to decrease. A notable difference
from the free-stream case is that the greatest interference is seen at M., = 1.20, not at Ma, =

0.95.

The standard deviations in Table 2 show large variations in both CN and Cm for most
Mach numbers, with the value of the a's being larger than the time-averaged values CN and
Cm. To illustrate the variations in CN and Cm that the store experiences, computed time
histories of these values are given in Figs. 46 and 47 at Ma, = 0.60 for the store/sting and
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store alone, respectively. The solid lines represent the instantaneous values of CN and Cm

of the store and the dashed lines represent the time-averaged values. The store is clearly
subjected to large, rapid variations with or without the sting. Similar results have been
computed for M,, = 0.95 and 1.20, but are not presented hcre since they do not provide
additional information.

5.0 CONCLUSIONS

The capability to compute store/sting configurations in a cavity has been demonstrated.
Complete validation was not achieved, in part at least because deficiencies in the technique
used to obtain the time-averaged experimental unsteady pressures led to excessive measurement
variability. Moreover, there are questions concerning the adequacy of the shear layer
representation in the computations. Nevertheless, the results obtained are considered adequate
to allow for the assessment of support interference by considering the differences between
the support-on and the support-off solutions. Further assessment of loads and trajectory
predictions must be postponed until the computational results are combined with engineering
methods (Ref.4).

The following conclusions can be drawn for the computations presented in this report
at Mach numbers of 0.60, 0.95, and 1.20:

1. Several factors were important in obtaining solutions for the empty cavity and
the store/sting in the cavity. Specifically, increasing the cell size within the cavity
helps the numerical stability and reduces the computer time required to obtain
a solution. However, the questionable adequacy of the shear layer representation
may necessitate a reassessment of the cell-size requirements. Also, use of a
satisfactory representation of the approaching boundary layer greatly improves
the solution.

2. The flow within the empty cavity was observed to be highly unsteady, with the
shear layer moving in and out of the cavity. Very low-amplitude velocities were
measured and computed in the front region of the cavity, and highly varying
velocity amplitudes occurred in the aft region of the cavity. Comparisons of the
computations with experimental data were typically good, although clouded by
the fact that the steady-state ESP measuring techniques do not adequately capture
the time average of the flow.

3. Excellent agreement between the computational and measured data was obtained
for the isolated store/sting in the uniform free-stream flow. The shock location
was observed to be slightly shifted from the data for the transonic and low
supersonic flow computations, which is consistent with the inviscid flow
approximation.
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4. The agreement between computations and experimental data for the store/sting

in the cavity varied with the position of the store. When the store was positioned
at the plane of the cavity opening (Zs/H = 0), poor agreement was observed on
the aft portion of the store for all computed Mach numbers. The computed
difference in pressure across the store agreed well with the data. When the store
was positioned deep within the cavity (Zs/H = 0.75) at M, = 1.20, the

agreement between computed and experimental data on the aft portion of the
store deteriorated. However, the computed difference in pressure across the store
agreed well with measurement and was similar to what was seen for the store at
the plane of the cavity opening. Finally, when the store is positioned outside of
the weapons bay at Zs/H = -0.30 for Me,, = 1.20, the agreement between
computations and experimental data was found to bc good, probably because

the store was outside the shear layer.

5. It is believed that the poor agreement between the computations and measurements

for the aft region of the cavity indicates that the shear layer needs more resolution
to avoid excessive dissipation of the streamwise velocity component within the

shear layer.

6. The computed sting interference was shown to be significant for both the store
in a uniform free-stream flow and within the cavity flow. The sting interference

for the isolated store in a uniform free-stream flow showed the expected variations
with M.. When the store was positioned in the plane of the cavity opening, the

sting interference was greater in magnitude and quite different in character from

that in a uniform free-stream flow.
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Figure 7. Symmetry plane grids of two-grid empty cavity configuration. 

38 



AEDC-TR-92-4 

a. Store/sting 

b. Store alone 
Figure 8. Symmetry plane grids of the store/sting and store alone. 
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Figure 16. Mach number contours in the symmetry plane of the empty cavity, Moo = 0.60. 
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a.  t = 5.0tc b. t = 8.0to c. t -- 11.0to 
Figure 19. Mass  f l ow  through  the o p e n i n g  o f  the empty  cavity ,  M ~  = 0 .60 .  
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Figure 20. Mach number contours  in the symmetry plane of  the empty cavity, M ~  = 0.95.  
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b. t = 8.0tc 
Figure 20. Cont inued.  
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Figure 21. Mach number conlours  in the symmetry plane of the empty cavity, Moo = 1.20. 
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b. t = 8.0tc 
Figure 21. C o n t i n u e d .  
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Figure 33. Comparisions of computations and measurements on the store/sting in the

cavity, Mo, = 1.20, Z,/H = 0.75.
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Figure 34. Comparisons of computations and measurements on the cavity walls with the
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Figure 35. Compansions of computations and measurements on the store/sting in the
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Figure 36. Mach number contours  in the symmetry plane of  the cavity with the store/st ing,  Moo = 1.20, Z s /H  -- 0.75.  
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Figure 36. Continued. 
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Figure  36.  C o n c l u d e d .  
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Figure 37. Mach number contours in the symmetry plane of  the cavity with the store/sting, M ~  = 1.20, Zs /H -- 0. 
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Figure 37. Cont inued.  
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e. t = 10.0tc 
F igure  37.  C o n c l u d e d .  
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Figure 38. Mach number contours  in the symmetry plane of  the cavity with the store/st ing,  M ~  = 1.20, Zs /H = - 0 . 3 0 .  
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Figure 38. Cont inued.  
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Figure  38.  C o n c l u d e d .  
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a. t = 6.0tc b. t = 8.0tc c. t -- 10.0tc 

Figure 39. Mass f low through the opening o f  the cavity with the store/st ing,  
M,~ = 0.60,  Zs /H  = 0. 
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Figure 40. Comparisons of computations for the store/sting and store alone in a free-stream 

flow, Moo = 0.60. 
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Figure 41. Comparisons of  computations for the store/sting and store alone in a free-stream 

flow, M® = 0.95. 
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Figure 42. Comparisons of  computations for the store/sting and store alone in a free-stream 

flow, M= = 1.20. 

118 



~p 

O8 

O7 

06 

05 

04 

0.3 

0.2 

0.1 

"0  

-0.1 

-0.2 
0 

AEC)C-TR-92-4 

Store~t in9  

- - ~  Store A lone  

o', o', o'3 0', o's 0'6 o'7 o'. 
X/L 

8. Cp on free.stream side 

1.0 

08 

07 

06 

0.5 

0 g  

~'p 03 

0.2 

01 

0 

-0.1 

-02 

$torelStm 0 
~ - - -  Store A lone  

0 °1 0'.2 0'-3 0'.4 0'.5 0'6 0'.7 018 019 1.0 
X/L 

b. Cp on cavity side 
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Figure 44. Comparisons of computations for the store/sting and store alone in the cavity, 
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Figure 47. Time history of loads for the store alone in the cavity, M® = 0.60, Zs/H = 0. 
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Table 1. Load Comparisons for the Store/Sting and the Store Alone in the Free-Stream Flow 

CN Cm 

Moo Store/Sting Store Alone ACN Store/Sting Store Alone ACre 

0.60 0.085 - 0.004 0.089 - 0.578 0.034 - 0.612 

0.95 0.111 - 0.002 0.113 - 0.809 0.016 - 0.825 

1.20 0.062 0.000 0.062 - 0.579 - 0.005 - 0.574 

Table 2. Load  Compar isons  for  the Store/St ing and the Store Alone in the Cavity, Z s / H  = 0 

Moo Store/Sting 
(a) 

CN 

Store Alone 
(a) 

0.151 
(0.430) 

m 

ACN Store/Sting 
(~) 

m 

Cm 

0.015 
(0.327) 

Store Alone 
(a) 

0.398 0.411 - 0.013 0.791 0.976 - 0.185 
0.60 (0.426) (0.288) (1.991) (1.817) 

0.95 0.136 -0.171 

0.262 
(0.526) 

1.032 
(2.226) 

-0.146 
(3.219) 

I -0 .044 
(0.377) 1.20 

1.203 
(2.098) 

I 1.943 
(2.672) 

I 0.306 - 2.089 
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NOMENCLATURE 

Local speed of sound 

Free-stream speed of sound 

Coefficient of pitching moment about an axis through the center of gravity 
of the store which is parallel to the Y axis, pitching moment/q~SD, positive 
counterclockwise looking in from the + Y direction (nose down into the cavity) 

Coefficient of normal force in the XZ plane, normal force/q~S, positive in 
the + Z direction 

Pitching moment (Cm) obtained from time-averaged computational results 

Coefficient of normal force (CN) obtained from time-averaged computational 
results 

Pressure coefficient 

Pressure coefficient obtained from the experimental data 

Pressure coefficient obtained from time-averaged computational results 

The sum of Cp plus/minus the standard deviation of the time history of the 
calculated pressure coefficients about Cp 

Maximum diameter of the store 

Cavity height 

Cavity length 

Free-stream Mach number 

Standard reference pressure (2.90075 psi) 

Root-mean-square of the pressure fluctuations about the average, in psi 

Dynamic pressure in the free stream 
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S 

SPL 

Tavg 

tc 

U)V,W 

W 

X,Y,Z 

Z$ 

AC m 

ACN 

ACp 

Atr 

Ati 

Atv 

AU 

Aft 

Area of maximum cross section of the store 

Sound pressure level 

Time interval for computing time averages 

Characteristic time, i.e., the time required for the flow to traverse the length 
of the cavity 

Velocity components in the X, Y, and Z directions, respectively 

Width of the cavity 

Rectangular coordinate system (see Fig. 12) 

Z location of the store 

Difference in Cm, the store with the sting minus the store without the sting 
[see Eq. (6)1 

Difference in CN, the store with the sting minus the store without the sting 
[see Eq. (5)] 

Difference in Cp of the free-stream side minus the cavity side of the store [see 
Eq. (4)] 

Minimum time step required to resolve the physically significant frequencies 
of the flow 

Minimum time step required for stability of inviscid flow solver [see Eq. (1)] 

Minimum time step required for stability of compressible Navier-Stokes flow 
solver [see Eq. (2)] 

u-a®M...; to first order, AU = -a~M=Cp/2  

Time-averaged value of AU 
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AX,AY,AZ Grid spacing in the X, Y, and Z directions, respectively 

Density 

Standard deviation 

/t Viscosity 
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