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Interference Flows Past Cylinder-Fin-Sting-Cavity Assemblies
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A computer code, VISCC, is developed to solve the three-dimensional, Reynolds-averaged, unsteady, com-
pressible, and complete Navier-Stokes equations. The equations are solved by an implicit, fully vectorized,
finite-volume, upwind-biased, approximately factored, and multigrid method. A hybrid domain decomposition
method is developed to utilize the combined advantages of overlapped grids, zonal grids, and block-structured
grids. An algebraic turbulence model is developed to represent the Reynolds stresses. The store considered here
for simulation is a missile configuration with four tail fins and an L-shaped offset sting. The missile is placed
first directly above the opening of a rectangular box cavity, then submerged completely inside the cavity. These
two cases represent two distinct and important interference characteristics for an internal store carriage and a
subsequent separation. The freestream Mach and the unit Reynolds numbers are 2.75 and 2.97 million per foot,
respectively. The results of the time-accurate computations depict these complex flows and help understanding
the interference effects between the store and the cavity. These effects are more pronounced when the store is
placed inside the parent body. The time-averaged surface pressures compare well with the wind-tunnel data.
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Introduction

ERODYNAMIC effects of stores on a fighter or a bomber
type of aircrafts and their safe operations become more
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important as the speed of the aircraft increases. The internal
carriage of such stores is an option for a possible reduction
in the aerodynamic drag and in the radar observability of
certain aircraft. In addition to wind-tunnel and flight tests,
computations are becoming a viable option for an internal-
carriage-configuration design and its trade studies. In recent
years, costs of model fabrication and the wind-tunnel tests
have risen, in particular for the dynamic tests that are required
for the trajectory studies or the induced flow studies. In con-
trast, the cost of high-speed computing with large memories
has dropped and its availability has significantly increased.
Computational fluid dynamics (CFD) is free from the prob-
lems of disturbing the flow with measurement probes or the
wind-tunnel walls, and it can reduce risks associated with flight
tests. However, it is bounded by the truncation and the round-
off errors, and underlying physical assumptions.

The objective of this investigation is the application of a
recently developed computational code, and to contribute to
the much needed data base in understanding the interference
between a parent body and a store during its separation. It
is meant to augment the wind-tunnel tests, such as, those
reported in Refs. 1-4. Probably, the most formidable chal-
lenges in developing the present computational method for
the internal store carriage and separation have been the sim-
ulation of the complex cavity (store bay) flowfield and the
grid generation for the configuration, which contains multiple
and geometrically nonsimilar components. Consequently, the
results being presented here have been preceded by four
building-block studies: computations of cavity flows,>~® com-
putations of flows past cylindrical bodies at incidence, *-!!
grid generation by a hybrid domain decomposition technique,
DDT™? and finally computations of interference flows past
a cylinder near a flat plate.'!¢

A two-dimensional, engineering predictive method for the
store separation from a cavity is given by Culotta,'> who uses
the results from water table experiments as input to the com-
puter code. Another predictive method is by Keen,!® and his
method uses interactively the wind-tunnel experiments for the
flow angularity. Lohner'” has shown a two-dimensional method,
which solves the inviscid flow equations on unstructured grids,
to simulate the separation of an object from a cavity. Prom-
ising progress to this end by various research groups is re-
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ported in several conferences on store carriage and separation
held in the past three years.>'s'

The present paper reports the simulation of the supersonic
interference flow past a missile configuration with four fins
placed near and inside a rectangular-box cavity (Fig. 1). In
order to benchmark the computational method with the wind-
tunnel data,* the L-shaped offset sting attached to the missile
model is also included in this simulation. To utilize relatively
less computer memory and to ease the grid generation, struc-
tured grids are used. A hybrid domain decomposition method
is developed’>'? to combine the advantages of the overlapped
grids, zonal grids, and block-structured grids. As reported in
Ref. 13, another demonstration of this method is performed
by simulating the supersonic flow past a generic store-sting-
cavity configuration, which is specifically designed for the
validation of this method.?

Mathematical Formulation

A rectangular cavity consists of walls in all three directions.
Consequently, the diffusion effects of the viscous fluxes are
not negligible, and their gradients are approximately the same
order of magnitude in all three directions. This requires the
solution of the complete Navier-Stokes equations. Therefore,
their reduced forms, such as, the thin-layer approximation or
the Euler equations, produce nonphysical solutions to cavity
flows. The conservative form of the nondimensional, un-
steady, compressible, Reynolds-averaged, complete Navier-
Stokes equations are written in the generalized curvilinear
coordinates as follows:

3 ad 9

The effect of Reynolds stresses is incorporated through the
Baldwin-Lomax algebraic turbulence model. Three specific
modifications have been made to the standard Baldwin-
Lomax model to account for 1) vortex-boundary-layer inter-
action and separation, 2) presence of multiple walls, and 3)
turbulent memory effects in addition to the local equilibrium
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Fig. 1 Schematics of a) the rectangular-box cavity with length-to-
depth ratio of 9.0; and b) the cylinder-fin-sting (CFS) assembly with
fin details.

for the shear layer. Details of these modifications can be found
in Refs. 6-8.

Finite-volume differencing is formulated by integrating the
conservation equations [Eq. (1)] over a stationary control
volume (computational domain):

%f”QdQ+ffE-ﬁdS=o %)

Equation (2) is solved using the spatially second-order ac-
curate method described in Refs. 8, 11, 12, 13, and 20. Either
Van Leer’s flux vector splitting (FVS) or Roe’s flux-difference
splitting (FDS) can be used to construct the upwind differ-
ences for the convective and pressure terms. Spatial deriva-
tives are written conservatively as flux balances across each
cell. The diffusion terms are centrally differenced. Spatial
approximate factorization, and Euler backward integration
after linearization in time, result in the solution through 5 x
5 block-tridiagonal matrix inversions in each of the three di-
rections. When an upwind-biased approximation scheme is
used, numerical oscillations are expected to appear in the
presence of discontinuities. A flux limiter can be used to
reduce an upwind-biased difference to a fully one-sided up-
wind scheme in such regions. This in turn ensures a monotonic
interpolation and eliminates the overshoots and the under-
shoots. In the present formulation, three types of flux limiters!
are used, where the success of each is rather case dependent.

In the present study, Roe’s flux-difference-splitting (FDS)
method is used to simulate the cavity flow. However, the blunt
trailing edge of the curved sting and its upright position per-
pendicular to the freestream proves to be a difficult test for
this FDS scheme. Subsequently, Van Leer’s flux-vector-split-
ting, which is rather successful for this class of problems, is
used to simulate the flow about the cylinder-fin-sting assem-
bly.

In the present algorithm, the decomposition of a flow do-
main into simpler subdomains is performed by employing
three types of domain decomposition techniques (DDT) for
structured grids. Each subdomain is chosen to ease the grid-
generation task and to create a suitable mesh for the region
of that particular subdomain. A proper choice of a DDT can,
for example, eliminate the need for common boundaries be-
tween subdomains by using overlapped grids, or eliminate the
need for interpolation at the grid interfaces by using block-
structured grids, or eliminate the need for contiguous grid
lines normal to the interface by using zonal grids.

The standard block or scalar tridiagonal inversion of the
approximately factored, delta form of Eq. (1) can be easily
extended for zonal and block-structured grids. However, due
to the existence of the overlap region and the holes in the
overlapped grids, substantial modifications to the solution
algorithm are necessary.?’ As subdomains are moved to their
overlapped positions, some cells of one grid may be found to
lie inside a solid boundary contained within another grid.
Also, a significant number of cells must be interpolated, if
every cell common to more than one subdomain grid is to be
updated. This becomes computationally expensive and it could
have an adverse effect on the global accuracy when cell sizes
are not compatible in different subdomain grids. This problem
can be avoided by updating only the boundary of the common
region between subdomains, and excluding the other cells
inside this region from the calculation. This process introduces
an artificial boundary or a hole inside the overset subdomain.
Hence, a search method is used to create and locate these
holes. Details of the DDT’s used in this study and the con-
sequent modifications to the solution algorithm are given in
Refs. 12 and 13.

Configuration and Grids

The configuration for which the flow is being computed
using the present method is detailed in Ref. 4. The parent
body is represented by an 18-in.-long, 4-in.-wide, and 2-in.-
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deep cavity centered aft of the leading edge of a 47 X 16 in.
flat plate (Fig. 1a). A boundary-layer trip strip is installed 1
in. aft of the plate leading edge to promote transition to
turbulent flow at the cavity lip. The store is represented by
a 11.714-in. long cylinder with 0.5-in. diameter, which has a
blunt-nose and a boat-tail (Fig. 1b). Four standard fins in
cruciform arrangement and a curved offset sting are attached
to the cylinder.

Two flow cases are picked from the large test matrix re-
ported in Ref. 4. The cylinder axis is aligned with the lon-
gitudinal plane at the mid-span of the cavity at zero angle of
attack, and 1.8 in. above the cavity opening for case 1 and
0.9 in. below the cavity opening for case 2. The positions of
the store with respect to the cavity are chosen as such to
illustrate two significantly different interference characteris-
tics. Flows of both cases are assumed symmetrical, which
allows the simulation of only half of the configuration. The
cavity grid consists of one block above the flat plate (122 X
40 x 50) and another block inside the cavity (91 x 31 X
45), which are generated algebraically.®-® The grid for the
cylinder-fin-sting (CFS) assembly is constructed using an al-
gebraic-elliptic grid method.?? After providing the surface di-
mensions in detail, the surface grid is generated. Then, given
the surface grid and the outer boundary dimensions of the
computational domain, the volume grid is generated. The
grids are developed first by a transfinite interpolation method,
then they are smoothed by an elliptic method (Fig. 2). The
H-O grid of CFS consists of three blocks separated by the fin

TR

o

o
...ﬂﬂ!!!!ﬁiia!“ﬁ

Fig. 2 Composite grid of a) CFS near the cavity (case 1); and b) CFS
inside the cavity (case 2). A portion of the overlap region is marked
with the circular dots.
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surfaces. The dimensions of these blocks are (121 x 17 X
41), (121 x 33 X 41), and (121 X 17 x 41).

These individually generated subdomain grids are put to-
gether to form the composite grid. The three blocks of CFS
are embedded in the two blocks of cavity with overlapped
intergrid volumes, thus creating holes in the cavity grids (Fig.
2). The total number of points in the composite grid is 703,332,
The locations of these holes are naturally different for case 1
and case 2. Composite grids can be generated for different
positions of CFS, as it moves relative to the cavity, without
having to change the subdomain grids. In fact, this is one of
the advantages of the present method as applied to the store
separation.

The present computational method was tested earlier'® by
simulating the flow at Mach number of 1.65 past an ogive-
nose-cylinder in and near a cavity with length-to-depth ratio
of 6.7. This cylinder was attached to an offset sting that had
a sharp leading edge and a blunt trailing edge.? There are
major differences between the present configuration and the
one considered in Refs. 2 and 13. For example, CFS has four
fins, a blunt nose, and a boat tail. In comparison, an ogive-
nose-cylinder with no fins was considered in Refs. 2 and 13.
Shapes of the stings for these configurations are totally dif-
ferent. Also, the length-to-depth ratio of the present cavity
is 9.0, whereas that of Refs. 2 and 13 is 6.7. Finally, the flow
Mach number for the present study is relatively higher than
the one considered in Refs. 2 and 13 (2.75 vs 1.65).

Boundary and Initial Conditions

Since the flow is two-dimensional on the flat plate ahead
of the cavity, a two-dimensional, turbulent boundary-layer
profile is generated by solving two-dimensional boundary-
layer equations to match the experimentally determined thick-
ness (0.26 in.) upstream of the cavity lip. Using this profile
as an upstream boundary condition allows the computational
domain to start 13 in. downstream of the flat plate leading
edge, thus significant computational time and memory savings
are realized. The conventional viscous flow boundary con-
ditions, that is, no-slip, impermeability, and adiabatic-wall
conditions are imposed on all solid surfaces. First-order ex-
trapolations of the primitive variables are used at the down-
stream boundary. One-dimensional characteristic boundary
conditions are imposed at the outer boundary and the lateral
outboard boundary. Previous investigations indicated that the
flowfield inside a cavity is predominantly symmetric with re-
spect to the center plan.5—® The symmetry of the flow at the
plane, where symmetry is assumed, is ensured by setting the
contravariant velocity normal to this plane equal to zero and
extrapolating the other primitive variables.

Beside the physical boundaries of the computational do-
main, there exist intergrid boundaries between the five sub-
domain grids. The conservative transfer of fluxes across a
block interface, i.e., where the lines normal to the interface
are contiguous, is maintained by using two sets of ghost cells
on each side. Across an intergrid boundary with overlapped
subdomain grids, conserved variables are interpolated non-
conservatively to one set of ghost cells on each side. The
coefficients of this trilinear interpolation to one grid cell are
determined based on the distances to the vertices of a hex-
ahedron formed by the cell centers of the neighboring over-
lapped subdomain grid.!>1? '

Since a set of coupled elliptic partial differential equations
[Eq. (1)] is being solved using time-marching, the dependent
variables, i.e., the conserved flow variables, need to be ini-
tialized. This can be done by either an all-quiescent domain
or by an all-freestream domain. However, a more efficient
method is using a fully developed solution of the empty cavity
flow and a fully developed solution of the CFS flow, which
are generated independently. This process is called advanced
initialization herein. First, the governing equations are solved
time accurately for the unsteady flow of the empty cavity,
i.e., in the absence of the cylinder.>-® Any instant of this
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unsteady flow can be used after the numerical transients are
removed. There is no evident criterion in choosing this instant.
Furthermore, since the equations are again solved to remove
the numerical transients associated with the interference of
the cavity and CFS, the choice of the instant for the empty
cavity flow may not be important. Similarly, the CFS domain
is advanced initialized with the solution for a steady flow past
CFS without the cavity in its proximity.>!! The multigrid con-
vergence acceleration is used in obtaining the CFS solution
very efficiently.

Viscous internal store carriage code (VISCC) has been de-
veloped for this class of flows. It consists of several inde-
pendent computer codes as its modules. The VISCC code is
run on the Cray-2 computers of NASA Langley Research
Center and Numerical Aerodynamic Simulation facility of
NASA. The solver of the flow equations and the composite
grid generator are called VUMXZ3 and MaGGiE, respec-
tively. The solver VUMXZ3 is developed from the CFL3D
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code.?® The CFL3D code solves the thin-layer Navier-Stokes
equations on multiblock grids. The MaGGiE code is a finite
volume and multigrid counterpart of the PEGSUS code.?! The
PEGSUS code can generate overlapped, finite difference grids
without the multigrid convergence acceleration. The run-time
memory required by VUMXZ3 for the cases being considered
here is about 208 Mbytes (approximately 295 bytes per grid
point). The memory requirement by each one of the other
modules of VISCC is less than 70 Mbytes for these cases.
Two characteristic times are defined for two different rea-
sons. The first characteristic time is defined as the maximum
of all of the times obtained as the ratio of a cavity dimension
I (reference length) to the corresponding component of the
freestream velocity f,, = max (//u). It is used as a time measure
for this unsteady flow. Based on the previous experience,’ 8
the numerical transients due to the nonphysical initialization
of the empty cavity computational domain are assumed to be
removed after running the solution algorithm for 4z,,. The
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Fig. 3 Instantaneous Mach contours on the symmetry plane of case 1.
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Fig. 4 Instantancous and normalized pressure contours at a spanwise cut in the fin region of CFS for case 1.
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Fig. 6 Time-averaged surface pressure coefficient distributions for case 1.

second characteristic time is defined as the ratio of the min-
imum length of the discretization stencil, min (5Ax,,), used
by the solution algorithm to the freestream value of the speed
of sound, t, = min (5Ax,,)/a... Note that this second-order
algorithm uses five-point stencils in each direction. The char-
acteristic time ¢, is used to determine the physical limitation
set on the time step size of the solution algorithm which is
advanced time accurately. To collect computational data at a
rate faster than the wave propagation speed, the computa-
tional time step should be an order of magnitude less than
t,. This practice ensures capturing numerically the pressure
fluctuations of the cavity flow. The values of ¢, and t,, for
the present cavity are 0.73 and 0.07 ms, respectively.

The empty cavity solution is obtained for 10z,,, which re-
quires about 25 h of computer time. The steady-state solution
for the CFS in freestream is obtained by using 1 h of computer
time. The interference flow solution is obtained for 2¢,, after

the advanced initialization and the data is recorded for the
time averaging. The computer time needed for 1t of the
interference flow is about 35 h. This is mainly due to the
minimum step size on the CFS grid being almost an order of
magnitude smaller than the minimum step size of the cavity
grid. Consequently, the global time step being used is at least
an order of magnitude smaller, which results in an order of
magnitude more computational time per f,,. The maximum
CFL number is calculated to be 80.0, which also justifies using
an implicit method.

The interference flows under consideration are unsteady
due to fluctuations of the cavity flowfield. Therefore, neither
a converged solution nor a set of criteria to signal an end to
the computations exist. Although the interference flow is ob-
served computationally in a fraction of 2¢,,, this is an attempt
to mimic the steady-state measurement technique of Ref. 4.
The experimental data was recorded at a rate 50 times slower
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Fig. 8 Instantaneous Mach contours of the longitudinal plane located 1.0 in. from the symmetry plane for case 2.

Fig. 9 Instantaneous and normalized density contours at a spanwise cut in the fin region of CFS for case 2.
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than the computational rate, which is five million samples per
second. The elapsed time for the experimental data averaging
was five times larger than 2z,.

Results and Discussion

The nominal wind-tunnel test conditions* of the turbulent
flow being simulated are M = 2.75; Re = 2.97 million per
foot; P, = 18.3 psia; and T, = 580°R. The boundary-layer
thickness at the lip of the cavity is 0.26 in. The schematic of
the cylinder-fin-sting (CFS) and the cavity with length-to-
depth ratio of 9.0 are shown in Fig. 1. The flowfield for the
instant when the CFS axis is 1.8 in. above the cavity opening,
i.e., outside the cavity, is called case 1 (Fig. 2a). Case 2 is
the simulation of the flowfield when the CFS axis is 0.9 in.
below the cavity opening, i.e., inside the cavity (Fig. 2b).
Representative results for case 1 are given in Figs. 3-6 and
those for case 2 are given in Figs. 7-11.

The instantaneous Mach contours of the symmetry plane
(Fig. 3) show the flow structure of case 1. As the boundary
layer on the front plate separates at the front cavity lip, it
forms the shear layer bridging this deep cavity. This open-
type>-7 cavity flow is predominantly transonic inside the cav-
ity. However, the impingement of the detached shock ema-
nating from the nose of CFS causes the shear layer to deflect
inwards, creating a supersonic pocket in this region. Above
this region, between the incident shock and its reflection, the
Mach number is greater than its freestream value. Although
it is not shown here, an observation of similar figures at var-
ious instants indicates that the shear layer and the flow inside
the cavity change in time.

At the inboard and the outboard sides of CFS, boundary-
layer growth is drastically different because of the cavity flow
interference. Another shock structure is evident just upstream
of the fins. The interaction of this shock surface and the shear
layer creates a highly vortical wake just downstream of the
fins. At this instant, the shear layer is deflected upward up-
stream of the rear cavity lip. A strong detached shock surface
extends from the base to the top of the vertical sting. The

T
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wake behind this sting is highly vortical and its interaction
with the shear layer clearing the cavity opening creates a
complicated flow structure. The flow on the rear flat plate is
partially transonic and separated. A spanwise cut of the shear
layer and the flow in the fin region are depicted via the in-
stantaneous normalized pressure contours (Fig. 4). The
boundary layer on the cavity side plate reaches the shear layer
through a large crossflow vortex. The elevated value of pres-
sure inside the cavity is first reduced to the freestream value
near the shear layer. As the lower surface of the inboard fin
is approached, the pressure increases to its maximum value.
A nonsymmetrical flow develops in the fin-to-fin region with
the cylinder-inboard fin and the cylinder-outboard fin flows
being significantly different.

Mach number contours of the longitudinal plane located
1.0 in. from the symmetry plane are given in Fig. 5. Since the
radius of CFS is only 0.25 in., it does not appear in this figure.
The flow above the shear layer is at about freestream Mach
number with compression and expansion waves being created
due to the undulation of the shear layer. A cross section of
the strong curved shock due to the vertical sting and the wake
can be seen in this figure. The flow above the rear plate has
elevated Mach numbers.

Time-averaged surface pressure coefficients are plotted and
compared with the wind-tunnel data* for various locations of
the cavity (Fig. 6). The trends of the computed pressure coef-
ficients agree with the data. It should be noted that these
values vary with time for this unsteady flow. Therefore, the
initial time and the elapsed time of the averaging process
become variables both for the computations and the mea-
surements. The computed values appear slightly higher than
the data in Fig. 6. However, the agreement becomes better
with longer elapsed times of averaging. Since the flow fluc-
tuations are nonperiodic at supersonic speeds,®-8 a true char-
acteristic time for averaging is not evident. As indicated in
the previous section, the empty cavity solutions are obtained
for advanced initialization purposes. In comparison with the
empty cavity solution, these interference results show that
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Fig.

10 Normalized pressure contours on the symmetry plane of case 2 at two different instants.
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Fig. 11 Time-averaged surface pressure coefficient distributions for case 2.

CFS has a relatively smaller effect on pressure distributions
over the centerline of the cavity floor. However, the differ-
ences are significant on the off-surface values of the pressure.
The computational simulation of the empty cavity flow is not
included herein for brevity.

The instantaneous Mach number contours of the symmetry
plane (Fig. 7) depict the flow structure of case 2. The shear
layer separates the supersonic external flow and the transonic
internal flow by bridging the cavity. The internal flow is ac-
celerated from the nose of CFS to the point where the shear
layer impinges on the cylinder. Sonic speeds are achieved near
the fin region. The shear layer interacts with the detached
shock surface just ahead of the vertical sting. This interaction
can be better observed with the help of instantaneous Mach
number contours of longitudinal plane located 1.0 in. from
the symmetry plane (Fig. 8). The shear layer, which is de-
flected inward in Fig. 7, is deflected up in Fig. 8. The flowfield
at the fin region is depicted by the instantaneous density con-
tours of the cross plane (Fig. 9). The shear layer is deflected
inward after a large vortex near the side plate. The density
values are larger around the upper fin compared to the lower
fin.

Shown in Fig. 10 are the normalized pressure contours of
the symmetry plane at two different instants of time. A com-
parison of these figures demonstrates the unsteady nature of
the flowfield. Two shocks with an expansion between them
are visible due to the upward deflection of the shear layer at
two locations. The normalized pressure values after the first
and the second shocks are about 1.3 and 2.1, respectively. At
some instant later, the angle of the first shock is smaller and
the second shock moves significantly in the streamwise di-
rection. Although not shown here for brevity, observation of
the flowfield plots at 20 different instants indicate nonperiodic
cycles of the shock motion above the shear layer.

Finally, the time-averaged pressure coefficients on various
surfaces are shown in comparison with the experimental data

(Fig. 11). Generally, the trends agree well with the data except
for the rear face. This may be due to the frequent impinge-
ment of the shear layer on the rear face in addition to the
obvious numerical contributors, such as, the turbulence model,
coarseness of the grid, and possible necessity for higher-order
accuracy in time and space. The distinction between the two
different interference flows considered in this study is ob-
served in Fig. 12. Shown in this figure are the variations of
the normal force coefficient Cy, over a period of 1.2 ms. The
mean values of Cy over this period for the store near the
cavity is —0.2759 and for store inside the cavity it is 0.2912.
As expected, the unsteadiness of the flow inside the cavity
has a more pronounced effect on the store when it is placed
inside the cavity.

25 —

2.0 — CFS inside a cavity (case 2)

—~——— CFS near a cavity (case 1}

20 H—

| [ ] [ | ] ]
0 2 4 8 8 10 12 14 16 18 20
Milliseconds

-2.5

Fig. 12 Variation of C, with time over a period of 1.2 ms for cases
1 and 2.
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This study demonstrates some important fluid dynamic phe-
nomena each of which is a topic of further and in-depth re-
search. Among them are the supersonic shear layer, three-
dimensional separations, three-dimensional vortices, shock/
shear layer interaction, vortex shedding, and the wake of an
upright cylinder immersed in a supersonic flow. Since these
phenomena are also unsteady for the cases considered here,
their structures are even more complicated.

Conclusions

The unsteady, interference flows past a cylinder-fin-sting
(CFS) configuration when it is placed near and inside a cavity
are computationally simulated. These two cases represent two
distinct and important interference characteristics for an in-
ternal-store-carriage and a subsequent separation. This is ac-
complished by solving the three-dimensional, time-depend-
ent, compressible, Reynolds-averaged, complete Navier-Stokes
equations by an upwind-biased, finite-volume method. A hy-
brid domain decomposition method is used to ease the grid
generation for this complex geometry. Favorable comparisons
obtained between the computations and the experimental data
contribute to the validation of the present method. Results
of the present computations can contribute to the data base
needed for the internal-store-carriage design and trade stud-
ies. The future work should involve the inclusion of the rigid-
body dynamics into the method to study the effects of the
induced flow generated by the moving store, and the inves-
tigation of the trajectory as predicted by the computed force
field.
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