
VOL. 26, NO. 5, MAY 1988 AIAA JOURNAL 553

Study of Multibody Aerodynamic Interference
at Transonic Mach Numbers

Charles J. Cottrell* and Agusto Martinezf
£/. S. Air Force Armament Laboratory, Eglin Air Force Base, Florida

and
Gary T. ChapmanJ

NASA Ames Research Center, Moffett Field, California

A wind-tunnel experiment involving single, double, and triple combinations of mutually interfering generic,
unfinned aircraft stores has been conducted. Each combination of stores was tested at Mach numbers from 0.60
to 1.20, and at angles of attack from 0 to 25 deg for the single store and from 0 to 6 deg for the double- and
triple-store configurations. Extensive axial and circumferential pressure and flow visualization data at each store
location were obtained. Euler solutions for each configuration at 0 deg incidence have been generated and com-
pared with experimental data. This comparison indicates that an Euler flow solver can yield accurate predictions
of the location and magnitude of multibody interference provided an appropriate grid is used and the viscous ef-
fects associated with these configurations remain small. The data indicate that multibody interference in the
transonic region increases as the freestream Mach number approaches 1 from either direction, and subsides as
the Mach number moves away from sonic conditions. This interference is characterized by a large, localized re-
duction in pressure on the inboard surfaces of the bodies, which results in forces that draw the configuration clo-
ser together.

Nomenclature
C? -pressure coefficient, (P-
Cp = pressure coefficient for M= 1
D = model diameter, 2.54 cm (1 in.)
L = model length, 15.09 cm (5.94 in.)
MO, = freestream Mach number
P = static pressure
POO = freestream static pressure
V^ = freestream velocity
X = axial location measured from nose tip
a. = angle of attack
j8 = angle of yaw
Pa, = freestream density
<j> - circumferential angle

Introduction

THE mutual aerodynamic interference of aircraft stores in
external carnage has long been of interest to the aero-

dynamicist. It is widely recognized that both aircraft sur-
vivability and mission effectiveness are dependent on aerody-
namic forces generated by stores in carriage. This is
particularly true in the transonic Mach range, conditions
where stores are often carried and where the resulting
flowfields are complex and difficult to resolve. The potential
of computational fluid dynamics (CFD) to predict accurately
forces and moments acting on mutually interfering bodies is
progressing at a fast pace.1-4 The advent of high-speed super-
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computers with large memory gives the aerodynamicist the
means to employ Euler and Navier-Stok.es flow solvers to in-
vestigate the complex fluid interactions that occur around
multibody configurations.

It is recognized that a comprehensive experimental data
base is required to guide and verify these CFD efforts. Unfor-
tunately, existing data are not of a generic nature and often in-
volve geometric complexities, which may render them inap-
propriate for influencing the step-by-step evolution of these
CFD codes and algorithms. Results from a recently completed
set of wind tunnel experiments provide pressure and flow
visualization data around mutually interfering generic-shaped
stores in multiple component configurations at transonic
Mach numbers for CFD code validation.

The purpose of this paper is to use a portion of these ex-
perimental results along with Euler flow solver predictions to
study mutual aerodynamic interference involving two- and
three-store configurations at transonic conditions

Model and Test Conditions
The experiment was conducted in the Arnold Engineering

Development Center PWT-4T wind tunnel. The model con-
sisted of one-, two-, and three-store combinations of a generic
store consisting of a 3.333 diam cylindrical centerbody and a
1.667 diam tangent ogive forebody and afterbody, with the
afterbody truncated to mount to a sting (Fig. la). The distance
between the stores was 0.8 diam for the two- and three-body
configurations (Fig. Ib). This spacing was chosen arbitrarily
and was not intended to simulate a specific aircraft store load-
ing. Only one store was instrumented. It had a total of 87
pressure taps consisting of three longitudinal rows of 29 ori-
fices located by 120 deg increments around its circumference.
The instrumented store was rotated to measure pressure at 10
deg intervals around its circumference, as shown in Fig. Ib.
The instrumented model was moved to similarly record
pressure data at each store position for the two- and three-
body configurations. Details of the three-body configuration
mounted in the wind tunnel test section are shown in Fig. 2.

Each configuration was tested at M^O.60, 0.85, 0.95,
1.05, and 1.20 with a freestream unit Reynolds number main-
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tained at approximately 2.4x 106/ft for all cases. The maxi-
mum test section blockage was less than 1%, well within
recommended tunnel tolerance. Every configuration was
tested at angles of attack a. equal to 0, 2, 4, and 6 deg at 0 deg
yaw 0. In addition, the single store was tested at a = 10, 15, 20,
and 25 deg at /3 = 0 deg, and the two-store configuration was
tested at a. = 0 deg with /3 = 10 deg. Oil flow visualization pho-
tographs were obtained following acquisition of the pressure
data.

-5.94 D-
STING x.
~^H \

1.667D-* -3.333 D-

THREE LONGITUDINAL ROWS OF PRESSURE TAPS
(29 TAPS PER ROW)

1 D = 2.54CM{1INCH)

Fig. la Wind-tunnel model geometry.

LOOKING UPSTREAM
0.8 DIAMETER

= 0

0.8 DIAMETER 0.8 DIAMETER

1 DIAMETER = 2.54 CM (1 INCH)

Fig. Ib Two- and three-store configuration alignment.

Euler Flow Solvers
Two Euler flow solvers were used to predict the pressure dis-

tributions on the three different configurations at 0 deg angle
of attack. The first solver2 was used for the single- and
double-store configurations. A more robust solver5 was re-
quired for the triple-store configurations. Both solvers use an
explicit, upwind finite-volume scheme and are second order in
both time and space. Both solve the flux-vector-split form of
the Euler equations with local time-stepping and a Courant
number less than 2 for steady-state computations.

The difference between the two Euler solvers is in the mech-
anism for computing the eigenvalues on the grid cell faces.
The first code computes the eigenvalues by extrapolating the
dependent variable,2 whereas the second solver computes
them by averaging the dependent variables.5 These eigenva-
lues are used to determine the upwind direction. Referenced
provides a direct comparison of both techniques. Char-
acteristc variable boundary conditions6 were used'by both
solvers on far-field boundaries and at the body surfaces. Re-
flection planes were used to simulate the two- and three-store
configurations. Because of the use of these symmetry planes,
pressure predictions were made from 0 = 280 deg clockwise to
<t>. = 80 deg for the two-store ease, and from <j> = 250 deg clock-
wise to </> = 50 deg (right-shoulder store) for the three-store
configuration. Both solvers used an //-type algebraic grid gen-
erator that produced a 100x10x 10 grid around each of the
configurations. A side view and a frontal view of the grid used
for the triple-store configuration are presented in Figs. 3a and
3b, respectively,

Results and Discussion
The quality of the experimental pressure data, as repre-

sented by the pressure coefficient Cp, is addressed in Figs. 4a
and 4b. Figure 4a shows surface pressure distributions along
the body taken at three circumferential positions, 120 deg
apart, for the single body at a = & = 0 deg. The data from each
circumferential location overlays that from the other two,
thereby demonstrating both model and flow symmetry. Figure
4b serves to verify the model alignment for the three-body
combination. Data taken on the right-shoulder store of the
triple-store configuration at the circumferential angles <£ = 210
and 270 deg show excellent agreement. Since the double con-
figuration would be indentical to this triple configuration with
the bottom store removed, this alignment verification is
assumed to hold for the two-body configuration as well.

The effect of Mach number on the mutual aerodynamic in-
terference occurring around the bodies is presented in Figs.
5a-5c for a. = 90 deg and an outboard circumferential location
of $ = 90 deg. As demonstrated by the close agreement with
the single-store data in Fig. 5a, there is little mutual inter-
ference for the two- and three-body combinations at

Fig. 2 Three-store model
installation.
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Mac =0.60. However, the corresponding pressure data at
Mx =0.95 (Fig. 5b) indicate the presence of significant multi-
body interference. The interference commences at the forward
shoulder and extends for approximately two-thirds the length
of the cylinder. The existence of this mutual interference cor-
responds primarily to an increase in the length of the super-
sonic region for the multiple-store cases. The presence of a
second store pushes the shock further back on the body, and
the addition of a third store pushes it back further. Figure 5c
shows that there is little mutual interference at M00 = 1.20
along the </> = 90 deg circumferential angle. What interference
exists commences near the middle of the cylinder and ter-
minates near the aft ogive juncture where the flow undergoes
an expansion. No imbedded shocks are present for any of the
three configurations.

The effect of Mach number a = (3 = 0 deg for an inboard cir-
cumferential location denoted at </> = 270 deg is shown in Figs.
6a-6c. The amount of interference present at M^ =0.060 and
<£ = 270 deg (Fig. 6a), though small, is somewhat greater than
that experienced at the $ = 90 deg position. This is not surpris-
ing since the region between the stores would be expected to be
most influenced by the proximity of the other store(s). How-
ever, the multibody interference demonstrated for M^ =0.95
at this inboard location (Fig. 6b) is substantially more than the
corresponding interference at the outboard position (Fig. 5b).
Here, the shocks have strengthened considerably, but occur
slightly forward of those for the outboard location. This has
the effect of concentrating a stronger interference in a more
narrow region of the cylinder than for the outboard position.
Figure 6c demonstrates the extent of mutual interference at
MO, = 1.20 along the <£ = 270 deg meridian. Here, the inter-
ference begins at the nose tip and is much larger than at the
outboard position. This interference in the nose region may be
due to the bow shock being pushed further upstream due to an
increase in blockage as additional stores are added to the con-
figuration. This has the effect of broadening the subsonic re-
gion near the nose. The addition of stores also causes the
recompression along the aft portion of the cylinder to become
stronger.

Fig. 3a Side view of three-store grid.

PLANES OF SYMMETRY

Figure 7 shows the circumferential pressure distribution at
A/^ =0.95 (a = /3 = 0 deg) on each of the three configurations
at 42% of the axial length, as measured from the nose
(X/L = 0.420). This axial location was chosen because it corre-
sponds to a region of large interference. As expected, the cir-
cumferential pressure distribution is constant around the sin-
gle store. The double configuration experiences maximum
interference in the vicinity of 0 = 270 deg, the closest location
to the second store. The right-shoulder store of the triple con-
figuration undergoes maximum interference in the vicinity of
0 = 240 deg, which corresponds to the symmetry plane be-
tween the other two bodies. Mimmum interference for the
double and triple configurations occurs at 0 = 90 deg and
0 = 60 deg, respectively. Both locations are diametrically op-
posite to the maximum interference meridians discussed
above.

Figure 7 also indicates that the flow is subsonic at
XL-0.420 for the single store. However, the presence of ad-
ditional bodies causes the flow to become supersonic at this
axial plane. It is important to note that this increase in Mach
number corresponds to a lowering of pressure between/among
the stores. This low pressure is most pronounced in the mid-
cylinder region of the double- and triple-store combinations
(Fig. 6b) and will exert a strong force pulling the bodies
toward each other and possibly a moment. These forces and
moments could cause problems if a store were to be released
from these multibody configurations. This low-pressure re-
gion also has a strong effect on the axial boundary-layer flow,
as will be discussed below.
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Figures 8a-8c demonstrate the comparison between ex-
perimental data and Euler predictions for the single-, double-,
and triple-store combinations, respectively, at M ,̂ = 0.85,
o: = 0 deg. The agreement for the single store is very good, as
shown in Fig. 8a. Slight over-prediction of the flow expansion
by the flow solver in the boat-tail region may be due to a com-
bination of the inviscid nature of the code, coupled with the
possibility of flow separation in this region. The comparison
remains good for the double-store configuration (Fig. 8b) at
the 0 = 280 deg position, near the position of maximum inter-
ference. Though mutual interference is high along this ray, the
code provides a reasonable prediction of the pressure distribu-
tion. The solution has some difficulty in defining the exact lo-
cation of the forward shoulder shock. However, it accurately
resolves the magnitude of the minimum pressure occurring at
the shoulder. The solution over predicts the boat-tail expan-
sion, as noted earlier. Figure.8c provides a comparison of ex-
perimental and Euler results for the triple configuration at
</> — 270 deg on the right-shoulder store, again near the position
of maximum interference. The generally good comparison fol-
lows the trends discussed for the double-store configuration.
However, the triple-store Euler prediction shows some "ring-
ing" aft of the shock. The predicted shock is also slightly for-
ward of the experimental data. The reason for this is not
clearly understood but may be due to the coarseness of the
grid.

Figures 9a-9e show the comparison between experimental
data and Euler predictions for the three configurations at
M^ =0.95, a = (3 = Q deg. As was the case at-Moo =0.85, the
flow solver provides very good agreement with the single store
(Fig. 9a). However, the overprediction of the expansion in the
boat tail region has become more pronounced. This is due to
the higher Mach number and to the inviscid nature of the flow
solver. The presence of strong viscous regions at the boat tail
and at the shoulder are graphically demonstrated by the oil
flow photograph (Fig. lOa). Figure 9b shows the comparison
for the double configuration at 0 = 80 deg near the position of
minimum interference. The agreement, though excellent at the
nose, begins to break down at the forward shoulder. Figure 9c
demonstrates the comparison for the same configuration at
</> = 280 deg near the maximum interference position. For this
inboard location, agreement begins to break down slightly for-
ward of the nose juncture. The double-store oil flow photo-
graph presented in Fig, 1 Ob shows a possible reason for this
departure. The low-pressure region between the stores causes
extensive boundary-layer flow into this region. This will lead
to a thicker than normal boundary layer at this inboard loca-
tion, and possibly to a small area of separation between
X/L = 0.35 and 0.43. This thicker boundary layer and small

-i.oo

EXPERIMENTAL DATA
EULER SOLUTION

0.40 , 0.60
X/L

0.80 1.00

Fig. 8b Double-store experimental and numerical comparison,
MO, = 0.85, a = 0 deg, ^ = 280 deg.
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Fig. 8c Triple-store experimental and numerical comparison,
MO,, = 0.85, a = 0 deg, 0 = 270 deg.
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Fig. 9e Triple-store experimental and numerical comparison,
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Fig. 9c Double-store experimental and numerical comparison,
MO, = 0.95, a = 0 deg, <(> = 280 deg.

separation results in additional constriction of the flow and,
hence, the lower pressure than predicted by.the Euler code.

Figure 9d presents the comparison for the triple configura-
tion at </> = 90 deg on the right-shoulder store. Agreement is
poor along most of this circumferential location. For this case,
the predicted pressures begin diverging from the experimental
results near the nose tip. Comparison is also poor for the
right-shoulder store along the inboard location 0 = 270 deg
(Fig. 9e). The predicted location of the shock is too far for-
ward. Figures lOc and lOd show the oil flow results for the tri-
ple configuration as viewed from below and above, respec-
tively. Here, again, one sees the rapid movement of the
boundary-layer flow toward the inboard location, and the oil
flow patterns also show some evidence of separation on both
inboard and outboard surfaces. These thicker boundary layers
and the small separation at the inboard location constrict the
flow and result in a lower pressure and a longer supersonic
zone than predicted by the Euler code.

In summary, the Euler predictions compare favorably with
the experimental data for those conditions where viscous ef-
fects are small. The strong viscous effects produced by the
mutual interference at Mw = 0.95 are clearly evident in the oil
flow photographs in Figs. lOb-lOd.
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Fig.;.Ida' Single-store oil flow, M^ =0.95, a = 0deg.

Fig. lOb Double-store oil flow, M00= 0.95, a=0 deg.

Fig. lOc Triple-store oil flow, A^=0.95va = 0 deg (viewed from
"below").
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Fig. lib Mutual interference comparison, M00=0.95, a = 6 deg,

So far, the discussion has focused on the interference gener-
ated in the flow by the proximity of multiple bodies at zero in-
cidence. Figures lla and lib show the effect of mutual inter-
ference at a = 6 deg for three configurations at M^ = 0.95,
/3 = 0 deg. Figure 1 la shows the interference at 0 = 90 deg. The
magnitude of the interference at this outboard location is
almost identical to that of the zero incidence case (see Fig. 5b).
Similar results for the inboard position, 0 = 270 deg, are pre-
sented in Fig. lib. Here, too, there is only a small change in
the magnitude of interference as compared to the a = 0 deg
case (Fig. 6b).

The oil flow photographs shown as Figs. 12a-12d confirm
that the interference occurring on the multistore configura-
tions seems to be more dependent on the proximity of the
bodies than on the incidence of the configuration. Figures 12a
and 12b show the double-store oil flow photographs for the
windward and leeward surfaces, respectively. There are no sig-
nificant differences in the flow patterns between either the
windward or leeward surfaces and the pattern presented in
Fig. lOb for a = 0 deg. Similarly, Figs. 12c and 12d, respec-
tively, show the oil flow results for the windward and leeward
surfaces of the triple-store configuration. Here, too, there are
no significant differences in the flow patterns compared to
those at zero incidence (Figs. lOc and lOd, respectively). A
small change is the occurrence of two spots of accumulated oil
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Fig. 12a Double-store oil flow, M^ • = 0.95, a = 6 deg (windward sur-
" face).- - , . : ' ; • ' - ' : ; _ •;- .•• ;

Fig. 12c Triple-store oil flow, M^ =0.95, a = 6 deg (windward sur-
face).

Fig. 12b
face).

Double-store oil flow, deg (leeward sur- Fig. 12d Triple-store oil flow,
face).

= 0.95, a = 6 deg (leeward sur-

on the leeward surfaces (X/L^0.5). These appear to indicate
the origin of vortices that are present for this lifting condition.

Concluding Remarks
A study of multibody aerodynamic interference based on re-

cently obtained experimental data and CFD prediction has
been performed. The following conclusions can be drawn.

1) Multibody interference in the transonic region is greatest
at freestream Mach numbers near 1. This interference subsides
as the freestream Mach number increases or decreases away
from sonic conditions.

2) This interference is characterized by a large, localized re-
duction in pressure on the inboard surfaces of the bodies. This
low pressure results in significant boundary-layer flow toward
these surfaces. The low pressure also results in forces that act
to draw the configuration closer together. It could impart a
moment to an individual body being separated from a multi-
body configuration and, thereby, adversely affect the separa-
tion of a store from a parent aircraft.

3) The change of the multibody interference due to a config-
uration incidence of 6 deg or less is negligible when compared
to that generated by the proximity of the bodies.

Finally, it is recognized that viscous effects would increase if
the stores were placed closer together, the angle of attack were
increased, or a pylon were added to a configuration. As a con-

sequence, the Euler prediction might become less accurate.
However, it was concluded that an Euler flow solver can pro-
vide accurate predictions of multibody interference as long as
an appropriate grid is used and the viscous effects associated
with these configurations remain small.
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