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Finned, Multibody Aerodynamic Interference
at Transonic Mach Numbers

Charles J. Cottrell* and Lawrence E. Lijewskit
U. S. Air Force Armament Laboratory, Eglin Air Force Base, Florida

A wind tunnel experiment involving single, double, and triple combinations of mutually interfering, generic,
finned aircraft stores has been conducted. Each combination of stores was tested at Mach numbers from 0.60 to
1.20, at angles of attack from 0 to 20 deg for the single store, and from 0 to 10 deg for the double- and triple-
store configurations. Extensive body and fin pressure and flow visualization data were obtained at each store
location. The data indicate that finned, multibody interference (measured on the body) in the transonic region
seems to be greatest at Mach numbers near 1, and subsides as the freestream Mach number increases or decreases
from sonic conditions. Although somewhat dependent on fin orientation, the inboard fins seem to experience
greater multibody interference at M^ = 0.60 than at Mach numbers closer to 1. An Euler solution for the double-
store configuration (x fin orientation) at A/^ = 0.95, 0 deg angle of attack was generated and compared with
these data. The generally good correlation indicates that an Euler flow solver can yield accurate predictions of
the location and magnitude of multibody interference on both the body and the fins, provided the viscous effects
associated with these configurations remain small.

Cp
C*
L
Lc

X
XF

Nomenclature
pressure coefficient (P - P^ ) / ( Vip^ V1^ )
pressure coefficient for Mach number = 1
model length, 30.18 cm (11.88 in.)
local fin chord length
freestream Mach number
static pressure
freestream static pressure
freestream velocity
model axial location measured from nose tip
location along the local chord L aft of the leading
edge
angle of attack
fin spanwise location
freestream density
body circumferential angle
fin orientation angle

Introduction

I T is widely recognized that the speed, range, and endurance
of fighter aircraft can be influenced by the aerodynamic

forces generated by mutually interfering stores in external car-
riage.1 It is difficult to predict these forces numerically, par-
ticularly in the transonic Mach range where embedded regions
of subsonic and supersonic flow preclude the use of marching
codes. However, recent advances in high-speed, large-memory
supercomputers permit the use of Euler and Navier-Stokes
flow solvers to investigate the flow interactions that occur
around multibody configurations. The use of these flow
solvers to predict forces and moments accurately is increasing
at a fast pace.2~4

A comprehensive experimental data base is required to
guide and verify, these efforts in computational fluid
dynamics (CFD). Unfortunately, existing data often are not of
a generic nature and may involve geometric complexities that
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render them unsuitable for influencing the step-by-step evolu-
tion of CFD codes and algorithms. To satisfy this need partial-
ly, a series of wind tunnel experiments is being conducted to
acquire pressure and flow visualization data around mutually
interfering, generic-shaped stores in multiple-component con-
figurations both inside and outside the vicinity of a fighter-like
fuselage or wing. Results of the first wind tunnel experiment,
which involved mutually interfering, unfinned bodies of
revolution, are reported in Ref. 5.

The purpose of this paper is to extend that previous study by
encompassing finned bodies in mutually interfering,
multicomponent configurations. This will be accomplished by
using a portion of the recent experimental results along with
Euler flow solver predictions to study mutual aerodynamic in-
terference involving two and three finned-store combinations
at transonic conditions. Although no rack is included in these
configurations, it is recognized that its presence would
significantly effect the flowfield and, hence, the store loads.6
This present study is a first step toward the computational
analysis of loads acting on a store in a real rack-carriage
configuration.

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
2-in.-diam generic store consisting of a 3.333 caliber cylin-
drical centerbody and a 1.667 caliber tangent ogive forebody
and afterbody, with the afterbody truncated to mount to a
sting. The model had four low aspect ratio fins. Each of these
cruciform fins had the cross section of a NACA 0008 airfoil.
Details of the model are presented in Fig. la. The distance be-
tween the stores was 0.80 fuselage diameter for both the two-
and three-body configurations (Fig. Ib). Only one store was

6.056

Fig. la Wind tunnel model geometry.
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Fig. Ib Two- and three-store configuration alignment (+ fin
orientation).
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Fig. Ic Store configurations.

instrumented. It contained a total of 198 pressure taps. There
were 116 taps situated in four rows of 29 orifices along the
length of the body. These four rows were, respectively, located
at 10, 20, 30, and 40 deg (clockwise looking downstream) from
each fin centerline. Also, there were chordwise rows of 8 to 13
orifices at eight spanwise locations on the fins (two rows per
fin).

The six test configurations are shown in Fig. Ic. These in-
clude both + (plus) and x fin alignments for the single, dou-
ble, and triple configurations. Note that the bottom store fin
orientations for the triple configurations are opposite those of
the shoulder stores. This was done to reflect more accurately a
general characteristic of wing-mounted store loadings on a
fighter aircraft.

The instrumented store was rotated to measure body
pressure at 10 deg intervals around its circumference from
each configuration. However, no body pressure data were ob-
tained at 0 = 0, 90, 180, or 270 deg because of model design
constraints. In addition, the instrumented store was rotated to
measure fin pressure at </>/ = 0, 90, 180, and 270 deg and at
0/ = 45, 135, 225, and 315 deg for + and x fin attitudes,
respectively. The instrumented model was repositioned to
record similarly pressure data at each store position in the two-
and three-body configurations. Details of the three-body ( +
fin) configuration mounted in the wind tunnel test section are
shown in Fig. 2.

Each configuration was tested at M00=0.60, 0.80, 0.95,
1.05, and 1.20 with a freestream unit Reynolds number main-
tained at approximately 2.4 x 106/ft for all cases. Every con-
figuration was tested at angles of attack a equal to 0, 2, 4, 6,
and 10 deg. In addition, the single-store configurations were
tested at a. = 15 and 20 deg. Oil flow visualization photographs
were obtained following acquisition of the pressure data.

Euler Flow Solver
An Euler solver7 was used to predict the pressure distribu-

tions on the double-store (x fin) configuration at 0 deg angle
of attack. The solver uses an implicit, two-pass upwind
scheme8 and is second-order accurate in space. It solves the
flux-vector-split form of the Euler equations and is stable for a
wide range of Courant numbers for steady-state computa-
tions. The Euler equations are written in strong conservation
law form in order to capture discontinuities in the flow such as
shocks. The scheme uses a finite-volume formulation in order
to achieve total flexibility with regard to geometry. Local time
stepping is used to accelerate convergence for steady-state
problems. The code has a multiblock capability to allow cal-
culations of finned bodies at angle of attack. Characteristic
variable boundary conditions9 are used by the solver on far-
field boundaries and at the body surfaces.

Fig. 2 Three-store (+ configuration) model installation.
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U )

50.0
Fig. 3a Wire frame of computational multiblock region with em-
bedded surface grid.

Fig. 3b Closeup of embedded finned body surface grid.

Computational Grid
To obtain an accurate flow solution, a smooth grid must be

generated on which to solve the fluid flow equations. The
elliptic grid generation method chosen was developed by
Thompson and Warsi.10 The grid generation scheme uses
boundary-conforming coordinate systems to treat boundaries
of arbitrary shape. Control of the grid line spacing and orien-
tation in the field are achieved by adopting a system of
Poisson-like equations. For complex, three-dimensional con-
figurations, it is often difficult to obtain a reasonable grid
with the entire physical region transformed into a single, rec-
tangular computational space. The preferred approach is to
segment the physical region into continuous subregions
bounded by six curved surfaces, with each subregion
transformed into a rectangular computational block. An in-
dividual grid is generated in each subregion and then patched
together to form the overall grid. For the two-body, x-fin con-
figuration, 21 subregion grids were generated around one fin-
ned body with a flat reflection plane on one side. This scheme
simulates a two-body configuration and saves computational
time and storage.

A "wire frame" of the computational multiblock region
with the embedded surface grid generated on the finned-body
configuration is shown in Fig. 3a. A closeup of this body sur-
face grid is presented in Fig. 3b. The body surface is covered
with a 101 x 13 grid and each fin surface with a 39 x 10 grid.
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Results and Discussion
The effect of Mach number and configuration variations on

the mutual aerodynamic interference occurring around the
bodies are presented in Figs. 4a-4c for a = 0 deg and an out-
board circumferential location of 0 = 95 deg. The fins are in
the x orientation. As demonstrated by the close agreement
with the single-store data in Fig. 4a, there is little mutual in-
terference for the two- and three-body combinations at
MOO =0.60. The presence of mutual interference is evident at
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M^ =0.95 in the cylindrical region of the body, approximately
midway between the shoulder and the start of the fin root (Fig.
4b). The existence of this mutual interference corresponds
primarily to an increase in the length of the supersonic region
for the multiple-store cases. The presence of a second store
pushes the shock farther back on the body, and the addition of
a third store pushes it back even further. Figure 4c shows that
there is little mutual interference along this outboard meridian
at Ma, = 1.20. What interference exists commences near the
middle of the cylinder and terminates near the aft ogive junc-
ture where the flow undergoes an expansion. These results are
very similar to those reported in Ref. 5 for these same con-
figurations without fins. This demonstrates that the influence
of these fins one body pressures at this outboard meridian is
negligible.

The effects of Mach number and configuration variations
for an inboard circumferential location denoted at <£ = 265 deg
(a = 0 deg) are shown in Figs. 5a-5c. The amount of in-
terference present at M^ =0.60 for this inboard location (Fig.
5a), though small, is somewhat greater than that experienced
at the 0 = 95 deg position. This is also in keeping with the
results of the unfinned stores5 that demonstrated, not surpris-
ingly, that the inboard region of a store is the region most in-
fluenced by the proximity of the other store(s). However, the
multibody interference demonstrated for M^ =0.95 at this in-
board location (Fig. 5b) is substantially greater than the cor-
responding interference at an outbord position (Fig. 4b). The
shocks appear to be stronger and occur at about the same mid-
body locations as on the outboard surfaces. Figure 5c
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demonstrates the extent of mutual interference at M^ = 1.20
along an inboard (</> = 265 deg) meridian. As was the case with
the unfinned results,5 the interference begins at the nose tip
and is more significant than at the outboard position. It was
noted in Ref. 5 that this interference in the nose region may be
due to the bow shock being pushed further upstream due to an
increase in configuration cross-section area as additional
stores are added.

As was the case with the outboard results, the inboard body
pressure data of these finned (x-configured) stores closely
match those of the unfinned configurations.

Figure 6 shows how the pressure along an inboard body
region of the x-fin triple-store configuration varies as a func-
tion of angle of attack for M^ =0.95. An inboard location
(0 = 265 deg) on the right shoulder store was chosen for com-
parison. The experimental data indicate that there is a small
variation in pressure along the length of the body as the in-
cidence of the configuration is increased from a. - 0 to 10 deg.
This tends to indicate that the magnitude of multibody in-
terference is influenced more by the presence of additional
stores than by the angle of configuration incidence, provided
that the angle is 10 deg or less.

Figures 7a-7c show the effect of Mach number on mutual
interference occurring along a local chord on a + configured
fin at </>y = 270 deg, a = 0 deg, and 80% fin span (r?). Figure 7a
demonstrates that there is substantial multibody interference
on this portion of the fin at M^ =0.60. However, there ap-
pears to be little difference in the amount of mutual in-
terference on the fin regarding the two- and three-store con-
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figurations. This is probably due to the blocking effect of the
fin with respect to the aerodynamic influence of the bottom
store. Figure 7b shows the mutual interference on the fin at
M00=0.95, From XF/LC = Q.2Q aft, there appears to be
slightly more interference generated by the double configura-
tion than by the triple configuration. The reason for this is not
clearly understood. However, the magnitude of the mutual in-
terference is small for both the double- and triple-store con-
figurations. A similar phenomenon is shown in Fig. 7c for
MO, = 1.20. Except near the leading edge, there is even less in-
terference generated by the presence of additional stores. As
with the Ma, =0.95 case (Fig. 7b), the flow along this local
chord is entirely supersonic. It seems that the effect of super-
sonic flow on the fin tends to minimize the influence of the ad-
ditional bodies in the multistore configurations. Figures 8a-8c
show the effect of Mach number on mutual interference oc-
curring along a local chord on an ^-configured fin at <t>f = 225
deg and 80% fin span (ce = 0 deg). As with the + orientation
(Fig. 7a), Fig. 8a demonstrates significant multibody in-
terference at this span wise location for M00=0.60. The x-
configured fin arrangement appears to generate greater
mutual interference with regard to the triple configuration
than did the + alignment. This is to be expected since the x
fin, triple-store alignment blocks the influence of the bottom
store less than does the + fin configuration. Figure 8b shows
the mutual interference on the fin at MOO = 0.95. There appears
to be only a slight difference in the amount of multibody in-
terference experienced by the fin on the double as opposed to
the triple configuration. The pressure profiles are somewhat
similar to those of the corresponding + configurations.
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However, unlike the + configurations, the x-oriented fin data
show that there is slightly more interference associated with
the triple configuration than for the two-store case at this
Mach number. The mutual interference on the. x-oriented fins
at MO,•= 1.20 is shown in Fig. 8c. There is evidence of some
mutual interference in the vicinity of the leading edge and aft
to approximately 30% of the local chord. Multiple-body in-
terference is negligible from that region to where the pressure
taps end at XF/LC - 0.67.

Figures 9a and 9b show how the pressure along an inboard
fin varies as a function of angle of attack for the + and x-
configured triple-store configurations, respectively. Figure 9a
shows the effect of angle of attack on a local chordwise
pressure distribution of the leeward fin surface on the right
shoulder store (<j)f = 21Q deg). The decrease in pressure is
significant as the configuration is pitched from 0 to 10 deg.
This variation in fin pressure is much greater thairthat due to
the interference of multiple bodies at zero incidence (Fig. 7b).
Results are presented in Fig. 9b for the x-configured fin at
$f = 225 deg. Note that the pressure variation along the x-
oriented inboard fin is not as pronounced, probably owing to
the relative blocking effects of the two fin orientations discuss-
ed earlier. Here, too, the pressure variation is greater than that
due to the addition of stores to the configuration (Fig. 8b).
When compared to the body pressure data of Fig. 6, it is evi-
dent that the fins are more sensitive to angle-of-attack varia-
tion than is the body in this inboard region of maximum
interference.

Figure lOa illustrates how mutual interference varies as a
function of fin span for the triple-store (+ fin) configuration
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at M^ =0.95, ce = 0 deg. The data indicate that considerable
interference exists at X/L — 50% and aft along the local chord
beginning at XF/LC — 0.65. Because of model pressure tap
limitations, it is not clear how far aft this region of in-
terference extends. However, an examination of the oil flow
pictures of the single-store (Fig. lOb) and the triple-store con-
figuration (Fig. lOe) may provide additional insight. On the
single store (Fig. 10t>), there is evidence of a vortical flow
forming in the middle of the fin beginning at XF/LC — 0.10
and extending to XF/LC — O.S5. This vortical flow seems to
dissipate on the inboard fins of the triple-store configuration,
but remains on the outboard fins where mutual interference is
small (Fig. lOc). The dissipation of this vortical flow on the
triple-store configuration may be the result of an increase in
interference occurring in this region of the inboard fins and a
corresponding higher local Mach number. This is further
substantiated by the fact that oil flow photographs at
freestream Mach numbers greater than 0.95 do not exhibit a
vortical flow pattern on the fins for any configuration.

Figures 1 la and 1 Ib illustrate typical Euler solver results for
the double-store (x-fin) configuration at M00=0.95, ce = 0
deg. Figure 1 la shows excellent agreement with the experimen-
tal data along the length of the body at both an outboard
(0 = 95 deg) and an inboard (</> = 265 deg) location. Only near
X/L = 0.9 does the prediction significantly differ from the
data. This region corresponds to the vortical flow on the fin
and may be a direct result. Figure lib demonstrates the com-
parison along both an outboard fin (<^ = 45 deg) and an in-
board fin (^ = 315 deg) at rj = 80%. Here, too, the correlation
between the numerical and experimental data is very good ex-
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cept near the leading edge of both fins. This may be due to the
grid cell sizing in this region of large pressure gradients. Figure
lie shows the oil flow photograph of this configuration at
M^ = 0.95, a = 0 deg. The migration of the skin friction lines
to the inboard sides of the bodies indicates a significantly
lower pressure in the region between the stores. This conten-
tion is supported by comparing the two curves in Fig. 1 la. Be-
tween the stores at 0 = 265 deg, the expansion peak is signifi-
cantly higher than at 0 = 95 deg, resulting in a lower pressure
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Fig. lOb Single-store (+ fin) oil flow: M^ =0.95, a = 0 deg

Fig. lOc Triple-store (+ fin) oil flow: M^ =0.95, <x = 0 deg.
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Fig. lla Double-store (body) experimental and numerical com-
parison: Ma, =0.95, a = 0 deg.
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Fig. lib Double-store (fin) experimental and numerical comparison:
M00=0.95, a = 0 deg, 77 = 0.80.

Fig. lie Double-store (jt-fin) oil flow: M^ =0.95, a = 0 deg.
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area between the stores. The two stores tend to act as a nozzle
in accelerating the flow and lowering the pressure.

Concluding Remarks
A study of finned, multibody aerodynamic interference

based on recently obtained experimental data and computa-
tional fluid dynamics prediction has been performed. Several
general conclusions can be made based on the results of this
investigation.

The mutual aerodynamic interference characteristics of
multiple, finned bodies are similar to those of multiple, un-
finned bodies. As with the unfinned stores of Ref. 5, the
magnitude of the body interference seems to be less a function
of configuration angle of attack than of freestream Mach
number and the proximity of other bodies.

Finned, multibody interference (measured on the body) in
the transonic region seems to be greatest at Mach numbers
near 1. As was the case with the unfinned stores, this in-
terference subsides as the freestream Mach number increases
or deceases from sonic conditions. However, the interference
on the inboard fins shows the opposite tendency. These fins
seem to experience greater multibody interference at lower
Mach numbers than at Mach numbers closer to 1: The
magnitude of this fin interference is somewhat dependent on
the fin roll attitude and the resulting blocking effects. For this
reason, the triple-configuration, ;t-oriented fin arrangement
generates more mutual interference than does the correspond-
ing + fin alignment. Futhermore, in the inboard region of
maximum interference, both fin roll orientations are
significantly more sensitive to angle-of-attack variation than is
the body surface.

Finally, it is recognized that multibody interference would
increase (particularly in the inboard regions) if a pylon or rack
were added to the configuration. Such an addition would in-
crease the viscous effects. As a consequence, the Euler flow

solver might provide a less accurate solution. However, it was
concluded that a Euler flow solver can provide accurate
predictions of finned, multibody interference as long as an ap-
propriate grid is used and the viscous effects associated with
these configurations remain small.
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