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Analysis of Flowfields over Missile Configurations
at Subsonic Speeds

J. A. Ekaterinaris*
Naval Postgraduate School Monterey, California 93943

Flowfields over missile configurations at subsonic speeds and high angle of attack are computed with a Navier-
Stokes flow solver using overset grids. The accuracy of the computed solutions is first validated for flows at high
incidence over a fuselage-wing and a fuselage-canard-wing configuration. The effects of grid density and turbulent
versus laminar solutions are assessed by comparison with detailed experimental surface pressures. Development of
vortex breakdown over the wing is predicted in accordance with the experiment. Delay of vortex breakdown over
the wing caused by the presence of the canard was also captured by the numerical solution. The computed surface
pressures are in good agreement with the experiment. Solutions for a complete missile configuration with fins and
tails at 45-deg roll are also obtained for subsonic flow at high incidence. The computed normal force and pitching
moment are in good agreement with available measurements. The effect of the fin deflection on the development
of the vortical flowfield is investigated. It is found that the flowfield in the fin and gap regions can be of primary
importance to the overall development of the forebody flowfield.

Nomenclature
a^ = freestream speed of sound
bc = canard root span
bw - wing root span
C = wing chord
CM = pitching-moment coefficient
CN = normal-force coefficient
Cp = 2(p - poo)/A»Af£j, pressure coefficient
D = fuselage diameter
Mx> = Uoo/otooi freestream Mach number
p = pressure
R = fuselage radius
Rec = UOQC/VOQ, Reynolds number based on the wing chord

length
ReD = f/ooD/Voo, Reynolds number based on the fuselage

diameter
UOQ = freestream speed
jc, y, z — Cartesian coordinates
a = angle of attack
8 = fin deflection angle
p = density
(/> = angular location in the circumferential direction

Introduction

M ODERN missile configuration designs have the tendency to
reduce the area of control surfaces, such as fins and tails,

in order to achieve better aerodynamic performance characteristics
in flight. As a result of these design requirements, stability prob-
lems could appear at high-angle-of-attack launch conditions, where
the speed is in the low subsonic regime. Another situation where
stability and controllability could be important is missile deploy-
ment from aircraft maneuvering at high angle of attack. For this
case, wing-store interference and low controllability may cause se-
rious safety problems. Therefore, investigations of the flowfield over
missile configurations at high incidence and subsonic flow and un-
derstanding of the effect that control surfaces have on the stability
characteristics and the development of flow asymmetries are crucial
to efforts in improving the design of future-generation missiles.
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Until now most of the missile design process has been based on
information obtained from wind-tunnel and flight test data, usually
in the form of integrated loads. Engineering methods, which pro-
vide predictions of the missile forces and moments for low angles
of attack, are used to supplement new design concepts for the low-
angle-of-attack regime. At high angles of incidence, the flowfield is
dominated by strong vortices. Large side forces and loss of control
effectiveness may result from asymmetric vortices. Better under-
standing of the flowfield under these conditions can be obtained
with detailed experimental studies, including flow visualization and
application of computational fluid dynamics (CFD) methods. It is
important for the success of numerical methods that all the essen-
tial geometrical details be modeled, and that the viscous-dominated
flow regions be resolved adequately.

Grid generation is a difficult task for the application of CFD
methods to complex configurations. For structured grid methods,
the multiblock and overset grid techniques may be used. As far as
grid generation is concerned, the multiblock grid strategy is more
time-consuming and requires special attention to the boundary-
condition specification. Therefore, in the present investigation an
overset approach1 is used. The overset method provides flexibility
in decomposing the computational domain, and facilitates the grid
generation over complex geometries. This method has been applied
with success for the simulation of complex flow problems, such as
flows over complete aircraft configurations.2

The missile configuration of interest consists of the missile body
with fins and tails. The total length of the missile body is 22.6 body
diameters. The fins are 67-deg sweep delta planforms with root
chord length 2.5 diameters. The tails are 45-deg sweep trapezoidal
planforms with root chord length 3 diameters and span 1.1 body
diameters. The tails are fixed on the missile body, but the fins are
free to rotate, and they are usually set at an angle of incidence for
low-speed, high-angle-of-attack launch. For this missile configu-
ration there exist only a limited number of experimental data for
forces and moments.3 Further experimental investigations by Naval
Air Warfare Center (NAWC), China Lake, to obtain surface oil flow
data are underway. Experimental measurements for missile config-
urations have been obtained mainly for supersonic speeds.

In order to demonstrate the applicability of the solution method
and to assess the grid resolution requirements, the flow over a canard-
wing-fuselage configuration is computed first. The definition of the
geometry and surface pressure measurements for this configuration
are given in Ref. 4. This flowfield includes many of the features of
the flowfield over a missile, such as vortex interaction and develop-
ment of vortex breakdown. The flow over a similar close-coupled
canard-wing configuration at transonic speeds M^ = 0.9 and low
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angles of incidence a = 0 deg to a = 12 deg has been investigated
experimentally5'6 and numerically.7 The numerical solution7 was
in good agreement with the experimental measurements,5'6 and de-
lay of vortex breakdown due to the presence of the canard was
obtained. In addition, other experimental studies by Lancey and
Chorney,8 Dollyhigh,9 Er-El and Seginer,10 and Calarese11 inves-
tigated the canard-wing vortex system and the mechanisms of the
canard-wing interaction. Experimental12 and numerical13 investiga-
tions for flows over missile configurations at supersonic speeds have
been also performed.

Numerical Implementation
The OVERFLOW14 code is used for the numerical solutions. In

this code the overset chimera technique is implemented. Among the
various options available in the code, the two-factor scheme is cho-
sen. This scheme uses Steger-Warming15 flux-vector splitting for
discretization in the streamwise direction and central differences for
the other two directions. Implicit and explicit smoothing are used
for the central-differencing directions. For turbulent flow solutions,
the Baldwin-Lomax16 eddy-viscosity model with the modifications
suggested by Degani and Schiff17 is used for the computation of vor-
tical flows. The solution initiates with freestream flow everywhere
and marches in time. On the solid surface the nonslip boundary con-
dition is imposed for the velocities, and the density and pressure are
obtained by simple extrapolation from the interior. At the inflow and
outflow, boundary data are obtained by one-dimensional Riemann
invariant extrapolation.

Detailed descriptions of the geometry of the missile and the
fuselage-canard-wing configuration are given in Refs. 3 and 4, re-
spectively. For both configurations, the complex surface geometry is
subdivided into simpler components, for which surface and flowfield
grid generation may be achieved faster and in a more straightfor-
ward manner than for the complete configuration. The numerical
mesh for the components such as fins, tails, and the missile fuse-
lage are generated first. Various components, such as wings or tails,
which are physically attached to the fuselage, are inserted in the
global fuselage grid. The region of the global grid where a compo-
nent is inserted is blanked out from the solution. The blanked-out
region is referred to as a hole region. The inserted grid commu-
nicates with the outer grid by means of boundary data transfer at
the outer-grid boundary. Similarly, the outer grid receives bound-
ary values at the hole boundaries from the inserted grid. Typically,
at least one-cell overlap is necessary for information exchange or
updating the solution. The grids, however, are not required to be
aligned at the interfaces. At the boundaries where information trans-
fer occurs, the flow variables are obtained from the neighboring
grid by interpolation. The Pegasus code,1 which is used to prepro-
cess the grid data, provides the interpolation stencils at the grid
interfaces and defines regions where holes are cut by one grid in
another.

The entire mesh over the fuselage-canard-wing configuration is
constructed by attaching the canard and wing grids to the fuselage
grid. Similarly, separate grids are used for the fins and the tails of
the missile. The gap region between the fin and the fuselage is also
modeled, using a separate grid block. The grid generation procedure
is briefly described below.

Grid Generation
The grid over the canard-wing-fuselage configuration of Ref. 4

is partitioned into blocks (see Fig. 1). Partitioning of the grid into
blocks helps to reduce the in-core memory requirements and allows
local grid refinement in selected flow regions. The three blocks over
the fuselage are not point-matched as multiblock grids, but they
have the grid lines distributed differently for each block so that bet-
ter resolution of local flow features can be achieved. The first block
consists of a 51 x 71 x 71-point grid along the streamwise, circum-
ferential, and normal directions, respectively. This block includes
the fuselage apex and the canard region. The second block, which
includes the wing region, consists of a 42 x 81 x 75-point grid. In
these two blocks holes are cut by the canard and wing grids. The
third block consists of a 28 x 73 x 71-point grid, which includes the
downstream part of the fuselage and provides sufficient resolution

Fig. 1 Grid partition for the canard-wing-wing configuration.

Fig. 2 Surface and field C-O-type grid around the canard.

Fig. 3 Grid partition for the complete missile configuration.

for the wake of the wing. For all grids, the distance of the first point
from the body surface is 0.00001 fuselage diameters.

The canard and wing grids (Fig. 2) are of C-O type. They are
periodic grids, which wrap around the planform. These grids have a
singular line at the trailing-edge apex. The canard grid is a 32 x 50 x
47-point grid along the spanwise, the chordwise periodic, and the
normal direction, respectively. Similarly, the wing grid has 39 x 87 x
45-points. Both grids provide approximately the same resolution
per unit area of the planform and extend' almost one chord length
beyond the surface. The canard and wing surfaces include part of the
fuselage wing junction, as shown in Figs. 1 and 2. The grid topology
chosen for the wing and the canard enables one to resolve the canard-
wing and fuselage-wing junction flow and provides sufficient grid
density for good capturing of the wake flow. In the normal direction,
the first point is located 0.00001 fuselage diameters away from the
surface. For both the body and canard-wing grids, the near-wall flow
region is resolved with 25 to 30 points. The Pegasus code1 is used to
cut holes in the fuselage grid at the locations where the canard and
wing are inserted. The hole boundaries cut in the fuselage grid by the
canard and the wing (see Fig. 1) are outside the near-wall viscous-
flow regions. The wing and canard leeward-side vortical-flow region
is resolved by the outer fuselage grid. This grid arrangement is
found to be optimal because it provides good communication for the
viscous layers and enables efficient interfacing away from regions
of large flow gradients.

The grid over the missile body is also partitioned into several
blocks. The grid partitioning for the complete missile configuration
is shown in Fig. 3. In the near-wall region, the same grid quality
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gap
grid

Fig. 4 Detail of the fin gap region.

characteristics given for the canard-wing configuration grids are
used. Different grid densities are used in the circumferential and
normal directions for the various blocks over the missile fuselage,
as indicated in Fig. 3, and, as before, there is no grid-point matching
at the interfaces. The tail grids are attached to the missile body as
described before, and the grids over the tails are C-O-type spherical,
periodic grids. Special attention is given to accurate modeling of the
geometry in the region of the deflected fins. The fin apex extends
forward of the region where the ogive part of the nose merges with
the straight missile body. As a result, even with zero fin deflection
angle there exists a gap between the missile body and the fin base.
When the fins are deflected, a larger gap under the fin is created. In
this region the forebody flow is significantly disrupted. Therefore, it
is necessary to model accurately the geometry between the fin and
the missile fuselage and to provide sufficient grid resolution.

For the fin gap region, a separate cylindrical grid block, shown
in Fig. 4, is generated. The inner grid surface defines the missile
body surface, and the grid lines at the location of the fin base form
oblique flat surfaces. The fin grid consists of two parts, a C-O-type
periodic grid for the windward and leeward sides, and a viscous
mesh at the fin base, which coincides with the flat surface generated
in the gap-region grid. The fin-base viscous grid receives boundary
information from the gap-region grid. The concentration of grid lines
at the fin base region enables efficient communication between the
two grids. It was found that high grid resolution is required for the
gap grid at the fin-base interface region in order to establish good
communication. Part of the gap-region grid is also used to resolve
the vortical flow generated in the gap region at high incidence. The
present construction of the gap-region grid makes it possible to
connect the fins at any deflection angle by interfacing fin grids with
the gap-region grid. For large deflection angles, part of the fin field
grid extends beyond the symmetry plane. This part of the fin field
grid is blanked out by the fuselage grid in a longitudinal plane
inboard of the symmetry plane.

The tails are attached to the fuselage as described before. A 69 x
65 x 46 point C-O-type spherical, periodic grid is used for each tail.
The flow around the fuselage-tail junction is resolved by the tail
grid. At the end of the fuselage a cylindrical sting that extends to the
outflow of the computational domain is used. The outer boundaries
of the missile fuselage grid are located at approximately five missile
body lengths.

Results
Canard-Wing-Fuselage Configuration

In Ref. 4, the freestream speed is (M00)exp ~ 0.11. The flow
over the canard-wing-fuselage configuration is computed at a Mach
number M^ = 0.2, which is higher than the experimental value,
in order to achieve better convergence rates. In Refs. 18 and 19 so-
lutions over delta wings have been obtained at a higher freestream
speed than in the experiment, and the computed surface distribu-
tions were in good agreement with the experiment. The Reynolds
number based on the wing root chord is the same as the experiment,
Rec = 1.4 x 106. The Reynolds number based on the fuselage di-
ameter is ReD = 0.23 x 106, and the forebody flow is expected to be
mostly laminar. The effect of turbulence modeling is investigated,
and both laminar and turbulent solutions are computed. Flowfields
without canard and with canard are also computed. All the solu-
tions are computed as half-body solutions, and symmetry conditions
are applied.

Flow at a — 19.3 deg
The computed flowfield for the experimental case at an angle of

attack of a = 19.3 deg and Rec = 1.4 x 106 over the wing-fuselage
configuration is presented first. The computed leeward-side vortical
flowfields obtained from the laminar and the turbulent solution are
shown in Fig. 5. In this figure, the locations of the fuselage and wing
vortices are shown, and the surface streamlines indicate the separa-
tion and reattachment lines. The fully turbulent solution predicts a
breakdown location downstream of the experimentally determined
position. However, the breakdown location obtained from the lami-
nar solution is in closer agreement with the experiment. The flow in
the experiment was not tripped, and transitional effects may be of
importance at the wing trailing edge. Comparison of the computed
surface pressure coefficients (not shown here) shows that the laminar
solution is in better agreement with the experiment. Therefore, all
the other solutions for this configuration are computed as laminar.

A solution with increased grid resolution for the leeward side part
of the fuselage grid in the wing region is also computed. For both
baseline and refined-grid solutions, the near-wall viscous flow over
the wing is resolved by the same wing grid. As the wing vortex lifts
off the wing surface, the outer fuselage grid is used to resolve the
wing leeward-side vortical flowfield. Therefore, only the fuselage
grid in the wing region is locally refined. For the windward side,
a 42 x 29 x 75-point grid with the same resolution as the base-
line grid is used. For the leeward side, the grid is refined in the
vortical flow region identified by the baseline grid solution. Grid
refinement is performed in both circumferential and normal direc-
tions, and a 42 x 75 x 91-point grid is obtained. The leeward-side
vortical flowfields computed by the baseline and the refined-grid
solutions are compared in Fig. 6. Both solutions predict breakdown
at approximately the same location, and the refined grid shows a
slightly larger breakdown region. It is found that the prediction of
the surface pressure coefficients improves with the refined grid, and
that grid is used.

The computed and measured surface pressure coefficients for
several streamwise locations along the fuselage are compared in
Fig. 7. The streamwise locations where the computations are com-
pared with the experiment are given as distances from the wing
trailing edge normalized by the wing chord. At the fuselage-wing

Fig. 5 Leeward-side computed flowfield over the fuselage-wing
configuration; (Mexp)oo = 0.11,Moo = 0.2, a. = 19.3 deg, ReD —
1.4 X 106.

Fig. 6 Effect of grid refinement on the leeward-side flowfield over the
fuselage-wing configuration; (Mexp)oo — 0.11,Moo = 0.2, a = 19.3
deg,foz> = 1.4 x 106.
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Fig. 11 Comparison of the canard computed and measured surface
pressure coefficient.

Vortex breakdown

Canard off

Vortex breakdown

Fig. 9 Effect of the canard on the leeward-side flowfield; (Mexp)oo =
0.11, Moo = 0.2, a = 19.3 deg, ReD = 1.4 x 106.

junction, the surface flow is computed by the wing grid. The rest of
the surface flow is computed by the fuselage grid. The comparisons
of Fig. 7 demonstrate that the surface pressures are predicted fairly
accurately. The computed surface pressure coefficient for the wing
section is compared with the experimental measurements in Fig. 8.
Good agreement is obtained for the part of the flowfield without
vortex breakdown, but the computed suction peaks are lower than
the experimentally measured suction peaks for the locations where
vortex breakdown has occurred.

The flowfield for the fuselage-canard-wing configuration at a =
19.3 deg is computed next. The effect of the canard on the de-
velopment of the leeward-side flowfield is shown in Fig. 9. In the
same figure the leeward-side flowfield computed with the canard

off is also shown. The canard creates a suction upstream of the
wing. Because of the decreased pressure gradient, the wing vortex
breakdown location is delayed to a location downstream of where
it was without the canard. The vortical flowfields of the forebody
and the canard merge into the wing leading-edge vortical flowfield.
The computed surface pressure coefficients for the fuselage, the
canard, and the wing are compared with the experimental data in
Figs. 10-12, respectively. Figure 10 shows that good agreement with
the experiment is obtained for most streamwise locations along the
fuselage. The computed surface pressure coefficients over the ca-
nard (Fig. 11) are lower than the measurements, but good qualitative
agreement is obtained. The comparisons of the surface pressure co-
efficients of Fig. 12 indicate that a more diffused vortex is obtained
in the computed solution and the agreement with the measurements
is only qualitative. It appears that the relatively weak canard vortex
is diffused.

Flow at a —29.1 deg
A solution at a = 29.1 deg is presented next. At this angle of

attack the computed solution for the fuselage-wing configuration
predicts vortex breakdown very close to the wing apex. The com-
puted flow with the canard, as shown in Fig. 13, demonstrates that
vortex breakdown onset is delayed and occurs at approximately
one-quarter chord from the apex. The leeward-side flow structure at
a = 29.1 deg is similar to the one obtained at a = 19.3 deg. The
computed surface pressure coefficient over the wing is compared
with the measurements in Fig. 14. Qualitative agreement with the
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pressure coefficient.

measurements is obtained at this higher angle of incidence, but the
computed surface pressure coefficient underpredicts the experimen-
tal data in the vortex breakdown region.

Missile Configuration
The missile flowfield is computed for 45-deg roll. This con-

figuration is referred to as the x configuration. For it, symmetry
can be applied, and only half-body, symmetric solutions are re-
quired. In contrast, computation of the 0-deg roll (+ configura-
tion) with deflected fins requires a full-body solution. Flowfield
solutions with fins on and with fins off have been computed. The
computed flowfields without fins are dominated by the forebody

Fig. 15 Computed flowfield and helicity density over the missile;
MOO = 0.3, a = 45.0 deg,ltei) = 0.95 x 106, 6 = 10 deg.

vortices, and only the aft portion is affected by the tail vortical flow-
field. The flowfield over the complete missile configuration was
computed for two fin deflection angles: 8 = 10 deg, and 8 = 20
deg. All computations were performed at M^ = 0.3, a = 45 deg,
and ReD = 0.95 x 106, which are typical conditions for missile
launch. The Reynolds number based on the diameter is high enough
to assume fully turbulent flow. The Baldwin-Lomax model with
the modifications suggested by Degani and Schiff for the com-
putation of vortical separated flows is used to compute the eddy
viscosity.

The vortex system over the complete missile configuration for a
fin deflection angle 5 = 10 deg is shown in Fig. 15. In this figure the
helicity density at several cross-flow planes is shown. The helicity
density in the fin region shows development of a vortical region over
the upper fin. Due to the high angle of incidence, the flowfield over
the fins is highly separated and there is no coherent leading-edge
vortex. The forebody vortex and the vortices generated in the gap
between the fins and the fuselage merge into a single vortical region
over the upper fin. The fin and forebody vortices lift away from the
missile surface and spiral along the freestream. Downstream of the
fins, another vortex is generated by the missile body, which merges
with the tail vortical flowfield. In the region between the two tails
a recirculatory flow region is developed, while over the upper tail a
coherent leading-edge vortex is obtained.

The flow in the gap between the fins and the missile fuselage
is quite complex. A cross-flow view for two different deflection
angles is shown in Figs. 16a and 16b. In these figures the location
of the holes where the fins are inserted is indicated. On the left side
the helicity density is shown. The dashed lines mark the regions of
negative helicity. The large region of negative helicity for 8 = 20 deg
is caused by reverse flow. Variations of the fin deflection angle cause
large changes in this part of the flowfield.

Figure 16 shows that significant changes of the flowfield structure
in the fin region occur when the fin deflection angle increases. Anal-
ogous changes of the computed surface flow pattern in this region
are observed in Figs. 17 and 18. The computed surface flow pattern
of the missile fuselage for a fin deflection angle 8 = 10 deg is shown
in Figs. 17a and 17b. Figure 17a shows the surface flow on the lee-
ward or upper surface of the fuselage for circumferential locations
from 0 — 0 deg to 0 = 90 deg. One separation line corresponding
to the primary forebody vortex is observed upstream from the fin in
the nose region. A second separation line and a reattachment line
exist in the region between the upper fin and the symmetry plane
cf> = 0 deg. This separation and reattachment is caused by a vortex
that is generated at the gap between the upper fin and the missile
fuselage as shown in Fig. 16a. Similarly, for the windward side the
computed surface flow of Fig. 16b for 4> = 90 deg to 0 = 180 deg
also shows separation and reattachment lines between the lower fin
and the 0 — 90 deg line.

At the higher fin deflection angle 8 = 20 deg, the upper and lower
surface patterns shown in Figs. 18a and 18b, respectively, indicate
that significant changes of the surface flow pattern are caused by the
increase of the fin deflection angle. Upstream from the upper fin two
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(() = 0 deg.

Fig. 16 Cross-flowfield detail in the fin-fuselage gap region; MOO =
0.3, OL = 45.0 deg, to/) = 0.95 x 106: a)£ = 10 deg and b) <5 = 20deg.
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_ i _____

<t>
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= 0 <

Ijn,
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Fig. 17 Surface flow pattern over the missile forebody with 6 = 10
deg: a) leeward-side (upper) surface and b) windward-side (lower)
surface.

separation lines are observed. Inspection of the computed velocity
field and helicity density in crossflow planes upstream of the fin
shows that under the forebody vortex a secondary separation and
a secondary vortex have been formed. Highly separated flow over
the upper fin produces a complex vortical flowfield over the upper
fin and in the region between the two fins. However, the surface
flow between the upper fin and the symmetry plane remains mostly
attached. Only one separation line caused by the primary forebody
vortex is formed close to the symmetry plane. A complex separa-
tion and reattachment pattern is obtained in the region downstream
of the upper fin. On the lower surface, upstream from the lower
fin, flow separation and attachment lines are obtained as a result of
a wing-body junctionlike recirculatory flow development. Down-
stream from the lower fin an attachment line is obtained from flow
that was separated over the lower fin and reattaches downstream on
the missile fuselage.

a)

b) (j) = 180 deg.

Fig. 18 Surface flow pattern over the missile forebody with 6 = 20
deg: a) leeward-side (upper) surface and b) windward-side (lower)
surface.

In the absence of other available experimental data, the integrated
loads are compared with these experiments. The computed normal
force at 8 = 20 deg is C# = 34.1, and the pitching moment is
CM = —76.5. These values are close to the experimental values of
CN = 32andCM = -80 reported in Ref. 3. For the case <5 = lOdeg,
CN = 32.7 and the pitching moment is CM = -71.9.

Concluding Remarks
An overset grid method was used with a Navier-Stokes solver for

the numerical calculation of flowfields over missile configurations
at high incidences. Solutions for a fuselage-wing and a fuselage-
canard-wing configuration showed reasonably good agreement with
experimental measurements. The computed flowfields demonstrate
that a close-coupled canard-wing system has the effect of delay-
ing vortex breakdown over the wing. The computed flowfield over
the missile indicates that the complex flow pattern generated in the
gap region between the fuselage and the deflected fins plays an im-
portant role in the development of the flowfield over a missile at
high incidence. Appropriate geometry modifications can produce
improved flow characteristics of the forebody flow. As a result, en-
hanced stability and controllability at high incidences may be ob-
tained. Solutions for 0-deg roll angle and full-body solution are still
required in order to investigate vortex asymmetries and development
of self-induced unsteady flow.
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