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Numerical Investigation of Canard-Controlled Missile
with Planar and Grid Fins
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U.S. Army Aviation and Missile Research, Development, and Engineering Center, Redstone Arsenal, Alabama 35898-5000

Viscous computationalfluid dynamic simulations were used to predict the aerodynamic coefficients and flowfield
around a generic canard-controlled missile configuration in supersonic flow. Computations were performed at
Mach 1.5 and 3.0, six angles of attack between 0 and 10 deg, with 0- and 10-deg canard deflection, and with planar
and grid tail fins, for a total of 48 cases. Validation of the computed results was demonstrated by the very good
agreement between the computed aerodynamic coefficients and those obtained from wind-tunnel measurements.
Visualizations of the flowfield showed that the downwash off of the canards produced a low-pressure region on
the starboard side of the missile that, in turn, produced an adverse side force. The pressure differential on the
leeward fin produced by the interaction with the canard trailing vortices is primarily responsible for the adverse
roll effect observed when planar fins are used. Grid tail fins improved the roll effectiveness of the canards at low
supersonic speed. Flow visualizations from the simulations performed in this study help in the understanding of
the flow physics and can lead to improved canard and tail fin designs for missiles and rockets.

Nomenclature

= cell face area, m>

rolling moment coefficient
pitching moment coefficient
yawing moment coefficient
pressure coefficient

axial force coefficient

side force coefficient

normal force coefficient
missile base diameter, m

total energy, J

inviscid flux vector

viscous flux vector

vector of source terms
Cartesian unit vectors

Mach number

pressure, N/m?

heat flux vector

velocity componentsin x, y,
and z directions, m/s

= cell volume, m*

velocity vector (= ui + vj + wk)
vector of conservative variables
axial, horizontal, and vertical body axes
angle of attack, deg
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canard deflection angle, deg
kinematic viscosity, m?/s
density, kg/m?

= viscous stress tensor
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Introduction

ISSILE concepts with forward control fins, or canards, have

been used for many years. However, previous studies have
shown that concepts with canards can suffer from adverse induced
rolling moments.!~* One method used to alleviate this problem is
to allow the tail fins to spin, decoupling the torque generated on the
fin assembly from the missile body. However, this method does add
some system complexity and weight. The use of grid fins, or “lattice
controls;” for the tail control surfaces instead of conventional planar
fins was recently proposed by the authors from the U.S. Army Avi-
ation and Missile Research, Development, and Engineering Center
(AMRDEQC) as a possible remedy for the roll control problems.

A grid fin is an unconventional lifting and control surface that
consists of an outer frame supporting an inner grid of intersect-
ing planar surfaces of small chord. The aerodynamics of grid
fins have been investigated since 1985 by AMRDEC.>7 Stud-
ies have shown that when compared to conventional planar fins,
grid fins have advantages such as effective aerodynamic control
at high « and high Mach number, a small hinge moment, com-
pact storage, improved yaw stability, and attenuated body—-vortex
interference’®® The primary disadvantageof the grid fin conceptis
a higherdrag than conventionalplanar fins, which can be minimized
with the proper design.” Computational fluid dynamic (CFD) tech-
niques to calculate the viscous flow around grid fins were recently
demonstrated.” '

In the present study, the CFD techniques demonstrated
previously’!® were applied to study the roll control effectiveness
of both planar and grid fins on a generic canard-controlled missile
shape. The numerical calculations were validated with wind-tunnel
data from an experimental study performed by AMRDEC and the
former Defence Research Establishment Valcartier (DREV), now
the Defence Research and Development Canada—Valcartier. The
objectives of the CFD study were to provide insight into the fluid
dynamic phenomenathat 1) cause roll reversal on canard-controlled
missiles with planar tail fins and 2) permit the retention of roll con-
trol when grid tail fins are used on canard-controlled missiles. The
CFD simulations provide visualizations of the flowfield that aid in
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the understanding of the flow physics responsible for the adverse
forces and moments observed in the wind-tunnel and calculated
results.

Computational Approach

Geometry and Simulation Parameters

The investigationused CFD to determine the flowfield and aero-
dynamic coefficients on a 16-caliber, four-finned, generic canard-
controlled missile. This study followed the experimental wind-
tunnel investigationperformed at DREV. The DREV wind tunnel is
an intermittent, in-draft wind tunnel with a 0.6 x 0.6 m test section.
In this type of tunnel, the air flows from an atmosphericpressuretank
to a vacuum tank, and the Reynolds number is lower than free-flight
values at high Mach numbers. The wind-tunnel Reynolds number
ranges from about 1.56 x 10’ m~' at M = 1.15t0 4.7 x 10° m~" at
M =4.0.

The geometry used in the CFD study was that of the wind-tunnel
models. Four canards on the ogive were in line with the fins. Two
fin types were investigated: conventional planar fins and grid fins.
Figures 1 and 2 show the geometry for the planar fin and grid fin
cases, respectively. The missile was 16 caliber long with a hemi-
sphericalnose on a 3.7-calibertruncated tangent ogive. The canard
midchord was located 0.96 caliber from the missile nose, and the
fin midchord was located 1.5 caliber from the missile base. The
canards (Fig. 3a) were a double-wedge design, with a trapezoidal
planformand a span of 0.37 caliber, a root chord of 0.36 caliber, a tip
chord of 0.13 caliber, a midchord root thickness of 0.03 caliber, and
a taper ratio of 1.48. The planar fins were a double-wedge design,
with a rectangular planform and a span of 0.78 caliber, a chord of
0.65 caliber, and a mid-chord thicknessof 0.03 caliber. The grid fins
(Fig. 3b) consisted of 23 cubic and 12 prismatic cells with a span of
0.74 caliber, a chord of 0.10 caliber, and a thickness of 0.46 caliber.
The web thickness between the grid fin cells was 0.003 caliber.

Fig. 1 Generic canard-controlled missile with planar fins.

Fig. 2 Generic canard-controlled missile with grid fins.

Fig. 3a Missile nose with canards at 0-deg deflection.

Fig. 3b Front view of missile.

The analyses were performed at two Mach numbers, M = 1.5
and 3.0; two canard deflections, § =0 and 10 deg; and at six angles
of attack, « =0, 2, 4, 6, 8, and 10 deg. The DREV wind-tunnel
conditions were used in this study. For M =1.5, the freestream
conditions were a Reynolds number of 1.4 x 10’ m~!, a static tem-
perature of 206 K, and a static pressure of 2.6 x 10* Pa. For M =3,
the freestream Reynolds number was 7.6 x 10° m™!, the static tem-
perature was 107 K, and the static pressure was 2.77 x 10° Pa. The
model reference diameter D was 30 mm, and the moment reference
pointwas 10.63 caliber aft of the missile nose. The simulations were
performed with the missile in the cruciform 4 configuration. The
DREV wind-tunnel data ranged from —4 to 415 deg angle of at-
tack. In the § = 10 deg case, all four canards were deflected in the
same direction, intended to give a positive roll, which was defined
as clockwise when viewed from the rear of the missile.

Solver

Steady-state calculations were used to compute the flowfield
by the use of the commercial CFD code, FLUENT, Version 5.5.
The implicit, compressible (coupled), unstructured-mesh solver
was used. The second-order spatial descritization equations were
used. The three-dimensional, time-dependent, Reynolds-averaged
Navier-Stokes equations are solved with the finite volume method:

ifde+y§[F—G]-dA=fbrdv (1
a J, ,
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where
P pv 0
pu pvu + pi Ty
W=14pv¢, F=1pvw+p¢, G = Ty
pw pyw + pk T.i
pE pvE + pv Tijv; +4q

F is evaluated by a standard upwind flux-difference splitting. In the
implicit solver, each equation in the coupled set of governing equa-
tions is linearized implicitly with respect to all dependent variables
in the set, resulting in a block system of equations. A block Gauss—
Seidel, pointimplicitlinear equationsolveris used with an algebraic
multigrid method to solve the resultant block system of equations.
The coupled set of governing equations is discretized in time, and
time marching proceeds until a steady-state solution is reached. In
the implicit scheme, which was used in this study, an Euler implicit
discretizationin time is combined with a Newton-type linearization
of the fluxes.

A modified form of the k—¢ two-equation turbulence model was
used in this study. Called the “realizable” k—¢ model in FLUENT, it
differs from the standard k—s model in that it contains a new formu-
lation for the turbulent viscosity and a new transport equation for
the dissipationrate. This equation was derived from an exact equa-
tion for the transport of the mean-square vorticity fluctuation.!! The
term realizable means that the model satisfies certain mathematical
constraints on the Reynolds stresses consistent with turbulent flow
physics. The realizable k—¢ model has shown substantial improve-

LI NSRS 7

J '\1/\//\//%/ <
LSS N
AL A

b)

Fig. 4 Views of computational mesh: a) tail region of planar fin case, b) ogive region, ¢) tail region of grid fin case, and d) close-up of grid fin base.

ments over the standard k—s model, where flow features include
strong streamline curvature, vortices, and rotation.!!

Computational Mesh and Boundary Conditions

The geometry and unstructured mesh were generated using the
preprocessor, GAMBIT, supplied in the FLUENT software suite.
Canard deflection and angle of attack precludedthe use of symmetry
or periodicity, and so a full three-dimensional mesh was required.
In generation of the meshes, boundary-layermesh spacing was used
near the missile body and fin surfaces. The two-layer zonal model
was used for the near-wall equations, and the first point off of the
surface (cell center) was about 7.0 x 107> caliber from the surface,
chosen to give a y™ value of about 1.0. The mesh stretching ratio
was keptbelow 1.25. About 144 cells were used on the missile body
in the circumferential direction, with this value increased in the grid
fin region.

An all-hexahedral (hex) mesh was used for the planar fin case,
with a total number of cells of about 4.9 x 10°¢. O-grid-type meshes
were generated around the canards and planar fins. Figures 4a and
4b show the surface mesh in the tail region and ogive region, respec-
tively. A hybrid hex and tetrahedral (tet) mesh was used for the grid
fin case, with a total number of cells of about 1.57 x 107. The first
13 caliberof the missile was meshed with the same type hex mesh as
in the planar fin case. A tet mesh was used in the tail region (Fig. 4c)
to mesh the complicated grid fin structure. Layers of triangular
prisms were used on the body to capturethe boundarylayer (Fig. 4d).
The tet mesh in the tail is matched to the forward hex mesh viaa layer
of pyramidal cells. Because of meshing constraints, prism layers
were notused aroundthe grid fins, and so the spacing of the first point
off of the grid fin surfaces was larger than optimum. Postprocessing
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of the runs showed that the y* value on the missile body, canards,
and planar fins were less than 1.0. The y* value on the grid fins
ranged from about?2 to 15, with most of the grid fin surface near the
higher value. These values are not optimum for calculation of the
boundary-layerproperties on the grid fins, and this must be consid-
ered when the fin forces are examined, especially the axial force.

The base flow was not simulated in these calculations, and so
the mesh ended at the base of the missile. For supersonic flow, this
has been found to be a reasonable methodology, especially if any
tail fin surfaces are not located too close to the base of the missile.
The computationaldomainextendedabout4 caliber from the missile
body. A pressure-outletboundary condition was used downstream, a
pressure-inlet(with freestream conditions) boundary condition was
used upstream,and a pressure-far-field boundary condition was used
for the outer boundary. A nonslip wall boundary condition was used
for all solid surfaces.

Solution Methodology

The simulations were performed in parallel on Silicon Graphics
Origin 2000 and 3800 machines. The simulations were run with a
maximum Courant-Friedrichs-Lewy (CFL) number of 10 for the
planar fin cases and 5 for the grid fin cases. Each case was started
with a lower CFL value (usually about 1.0) and ramped up to the
maximum during the first few hundred iterations of the simulation.
The calculationstook about 300-600 ps/cell/iteration of CPU time,
using 28 processors for the planar case and 64 or 96 processors for
the grid fin case. For example, it took about 74—148 s of CPU time per
iteration to solve the grid fin case with 64 processors. Convergence
was determined by tracking the changes in the flow residuals and
the aerodynamic coefficients during the solution. The solution was
deemed converged when the flow residuals had stabilized and the
aerodynamic coefficients were changing less than 0.5% after the
last 100 iterations. The aerodynamic coefficients convergedin about
1000-1500iterations. The residualsdropped between three and four
orders of magnitudein the M = 1.5 cases and between two and three
orders of magnitude in the M = 3.0 cases.

The planar fin cases were run with the double-precision solver.
To reduce the computer memory required, the grid fin cases were
run with the single-precisionsolver. A planar fin case (¢« =4 deg,
6 =10 deg) was first repeated with the single-precision solver
to determine whether there was an effect on the calculated so-
lution. The six aerodynamic coefficients calculated with the sin-
gle precision solver were within 0.5% of those calculated with
the double-precision solver. Four of the coefficients were within
0.1%. Therefore, the single-precisionsolver was adequate for these
computations.

Mesh adaption was used to determine mesh independence. The
mesh for two planar fin cases (0« =4 and 10 deg; both at § = 10 deg)
were adapted on the static pressure gradient with the adaption tools
in the FLUENT software. After adaption, the cases were again run
until convergence was achieved. The mesh size increased by 22%
for the « =4 deg case and by 13% for the « =10 deg case. The
maximum change in the aerodynamic coefficients was 0.9% for the
o =4 deg case, with four of the six coefficients changing less than
0.5%. The coefficients changed less than 0.2% after mesh adaption
in the @ =10 deg case. These results show that the original mesh
used for the planar fin case had high enough resolution for a mesh-
independent solution. For the grid fin case, the mesh on the first
13 caliberis the same as the planar fin case, and so itis also adequate.
Inthetailregion, the small cell sizes requiredfor the grid fin surfaces
resulted in a volume mesh that should have had more than adequate
resolution, and so no mesh adaption was performed.

Results and Discussion

Aerodynamic Coefficients

The viscous and pressure forces from the computed flowfields
were integrated along the missile body, canard, and fin surfaces
to calculate the aerodynamic coefficients. The axial force, normal
force, side force, rolling moment, pitchingmoment, and yawing mo-
mentare presentedin missile-basedcoordinates.The coordinatesys-
tem is right handed, with the x axis coinciding with the missile axis

and oriented to the rear, the y axis oriented to the missile’s starboard
side, and the z axis oriented upward. The forces are positive when
they coincide with the positive coordinate axes. The rolling moment
is positive when the roll is clockwise when looked at forward from
the aft end of the missile. The yawing moment is positive when the
nose moves rightand the pitching moment is positive when the nose
moves upward. The reference area is the cross-sectionalarea of the
missile base and the reference length is the diameter of the missile.
Because the base flow was not calculated, only the forebody axial
force is compared to the data. The forebody axial force from the
experimental data was obtained by correction of the measured total
axial force for the base drag component by the use of measured
pressures at the base of the wind-tunnel model. Not including the
base flow in the simulations can result in errors of a few percent in
the computed forebody axial force, whereas use of localized base
pressure measurements to obtain the experimental forebody axial
force correctly can also lead to errors of a few percent.’

All of the computed aerodynamic coefficients showed very good
agreement with experimental values from the DREV wind tunnel.
The computed and measured normal force and pitching moment
coefficients for the M = 1.5 planar fin case are compared in Figs. 5
and 6, respectively. Also shown in Figs. 5 and 6 are the predictions
from the AP98 aeropredictioncode.'? AP98 is an engineering code
based on empirical and theoreticalmethods. However, AP98 cannot
predict rolling moments or side forces and does not have the capa-
bility to model grid fins, and so comparisons are made only where
applicable. The comparison of the CFD and AP98 predictionsis ex-
cellent. The difference between the predicted and measured values
increases with . The differencesare 14% for C. and 20% for C,, at

30 —B- DREV EXP (M=1.5; 50 deg)
—&— DREV EXP (M=1.5; 5=10 deg)
—3 CFD (M=1.5; -0 deg)

- 75 -CFD (M=1.5; =10 deg)

o) O APYS (M=1.5; 50 deg)

C,

1.0
0.0
1.0 . ‘

5 0 5 10 15

o, deg
Fig. 5 Normal force coefficient, planar fin case, M =1.5.
10
5
0
25
-10
cm
-15
20 —- DREV EXP (M=1.5; =0 deg)
—&— DREV EXP (M=1.5; =10 deg)
o5 —+ CFD (M=1.5; 3=0 deg)
- % - CFD (M=1.5; §=10 deg)
e O AP98 (M=1.5; 5=0 deg)
-35 T T T
25 0 5 10 15

o, deg

Fig. 6 Pitching momentcoefficient aboutnose, planar fin case, M = 1.5.
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Fig. 7 Axial force coefficient, planar fin case, M =1.5.
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Fig. 8 Axial force coefficient, grid fin case, M =1.5.

o =10 deg. In general, the slope of the linear portion of the curve
is steeper in the predicted case. However, the predicted trend is the
same as the measured trend, including the increased curvature at
the higher Mach number. Similar results were obtained for both the
M = 3.0 and the grid fin cases, which are not shown here for space
limitations, but are presented in a final report.!?

The computed and measured axial force coefficients for the
M = 1.5 planar and grid fin cases are compared in Figs. 7 and 8,
respectively. Again, the CFD and AP98 predictions compare very
well. The comparison with the wind-tunnel data is not as good, with
the difference between the predicted and measured C, values rang-
ing from about 7.5 to 15%, but it is still considered acceptable. Part
of this difference is likely due to the combined errors associated
with the experimental base pressure measurement and the lack of
a base flow in the CFD simulation.” The forebody C, for the grid
fin case is about 1.7 times that observed in the planar fin case. Note
that the drag of the grid fins on this model is larger than could be
achievedin an optimumdesign. First, the grid fin frame is not cham-
fered, which has been shown to reduce the fin drag dramatically’
Second, because of the small size of the wind-tunnel model, the web
thickness could not be scaled down to the proper design thickness
due to machining limitations, and it is about 1.5 times larger than
optimum. The fin drag has been shown to be directly related to the
thickness of the webs and the number of webs present.!* Earlier
studies,®? with an optimum web thickness and chamfered grid fin
frame showed an increase in forebody C, for a grid finned missile
of only 1.4 times that of a planar finned missile.

An important objective of this study was to predict accurately
the induced roll moment and side force observed in the wind-tunnel

0.3
—#— DREV EXP (M=1.5; 3=10 deg) )/./\
~— DREV EXP (M=3.0; 3=10 deg)
0.2
—F CFD (M=1.5; 3=10 deg)
- 75 CFD (M=3.0; 3=10 deg)
(¢
0.1
0.0
-0.1 .
-5 0 5 10 15
o, deg
a)
0.30
—#-DREV EXP (M=1.5; 3=10 deg)
—A— DREV EXP (M=3.0; 8=10 deg)
0.20

=3 CFD (M=1.5; 8=10 deg)
- 7% * CFD (M=3.0; 8=10 deg)

o, deg
b)

Fig. 9 Rolling moment coefficient for a) planar fin case and b) grid fin
case.

experiments. Validationof these componentsgives confidencein the
flow visualizationsobtained from the CFD. As shown in Fig. 9, very
good agreement between the computed and experimental values of
the rolling moment coefficient was obtained. The experimental C,
had alarge amount of bias. This bias was removed for the § = 10 deg
case shown in Fig. 9 by the use of a method that DREV uses, which
is as follows. The C; for the § =0 deg case, which should be zero
at all «, but that was not due to a bias, is subtracted from the C;
for the § =10 deg case. This procedure assumes that the bias is
constant between test runs. A small difference between the com-
puted and experimental C; remains; however, note that the absolute
magnitude of the C; is small (< 0.1), so that the agreement is still
quite good. The CFD accurately captured the nonlinear, adverse roll
phenomenon. The agreement in the shape of the curve, including
reversal of the roll moment directionin the M = 1.5 planar fin case
(Fig. 9a), is excellent. Also note that the direction of roll momentin
the M = 1.5 planar fin case is the opposite of that which should be
induced by the deflected canards until « is above 8 deg. This effect,
which appears to be due to the canard trailing vortices interacting
with the planar fins, will be discussed further when the flowfield
is presented. For the M = 1.5 grid fin case (Fig. 9b), C; is positive
at @ =0 deg, decreasing to near zero in the range of 4 <« <7 deg
(some loss of roll control). At M =3.0, C, is always positive and is
similar for both fin types.

The CFD also accurately predicted the nonlinear induced
side force characteristics observed in the canard deflected cases.
Figure 10 shows the comparison of the computed and measured
C, for the planar and grid fin cases at both Mach numbers and
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Fig. 10 Side force coefficient for a) planar fin case and b) grid fin case.

8 =10 deg. There was little differencein C, due to fin type at either
Machnumber. At M = 3.0, the maximum C, was nottoolarge. How-
ever, at M = 1.5, C, was about five times larger than at M = 3.0.
The flow is symmetric about the vertical plane for the § =0 deg
cases. Thus, Cy, =0 and C; =0, and they are not shown. The change
in slope of the C, vs o curve at M =3.0 is accurately predicted
for both fin types. The maximum value of C, is not predicted as
well at M =1.5. The simulations end near the maximum value in
the M =1.5 case, but it appears that the beginning of the change in
slope is correctly predicted in the grid fin case (Fig. 10b).

These results show that the CFD accurately predicted the aerody-
namic coefficients for a generic canard-controlledmissile with both
conventional planar fins and grid fins in supersonic flow. With the
CFD results validated, the computed flowfield was used to investi-
gate the physics responsible for roll reversal or loss of roll control.

Flowfield Visualizations

Visualizations of the flowfield showed that the canard deflection
had a strong effect on the forces on the missile. Figure 11 shows the
C, distribution on the missile surfaces for the planar fin cases with
6 =10degata =4 and10deg. The § = 0degcasesarenot presented,
but they showed a symmetrical C,, distribution on the missile with
no contributionto Cy, C;, or C,,. For the § = 10 deg cases, the canard
trailing vortices interacted with the missile flowfield to change the
pressuredistributionboth along the missile body and on the tail fins.
The effect increases with o and is most pronounced at M = 1.5,
where a large low-pressure region is observed on the starboard side
of the missile (Figs. 11band 11d). As « increases, the downwash off
of the deflected canards generatesa higher velocity and, thus, a lower

c)

d)
Fig. 11 Views of C, contours at M =1.5 for planar fin case: a and c)

portand b and d) starboard with § =10 deg; and a and b) o =4 deg and
cand d) o =10 deg.

pressure,on the starboard side of the missile, thereby generating the
side force. Although the effect was still present at M =3.0, the
effect was not as large at the higher speed, which correlates with
the measured C; and C,. The effectis also reduced after  increases
past a certain value, which is shown in Fig. 10 by the reduction in
C; after the maximum is attained.

The canard deflection should give the missile a clockwise (when
viewed fromrear), or positive,rollingmoment. At M =1.5,the C; is
actually negative until @ > 8 deg. This adverseroll can be explained
by examination of the pressure distribution and forces on the tail
fins. A high-pressure region on the starboard side of the leeward
fin at « =4 deg can be seen in Fig. 11b. Although not shown in
Fig. 11, a similar high-pressure region was also on the windward
side of the starboard fin. These unbalanced pressures on the tail fins
are enough to reverse the rolling moment. At o = 10 deg, the effect
is much lower, which appears to be due primarily to the vortices
trailing the port and leeward canards missing the tail fins entirely.
In fact, there are unbalanced forces on the leeward tail fin (Figs. 11c
and 11d) that act in addition to the canard forces to induce added
positive roll. Scientific visualization movies of particle traces and
C, contours indicated that the nonsymmetrical flowfield was due to
a combination of the canard trailing vorticesinteracting with the tail
fins at low « and the crossflow separation vortices on the leeward
side of the missile interacting with tail fins at high «.

The impact of the interaction of the canard trailing vorticeson the
tail fins is related to the strength of the vortices. There was only a
small effect on the missile roll control authority at M = 3.0, where
the intensity of the trailing vortices were much lower. This is illus-
trated in Fig. 12, where intense vortices were observed downstream
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Fig. 12 C, contours on missile surface and vorticity contours on axial plane behind canards for 6 =10 deg and a=0, 4, and 10 deg at a-¢c) M =1.5

and d-f) M =3.0.

of the canards at M = 1.5. At M = 3.0, the intensity of the vortices
at the same axial location is much lower. At M = 1.5, the strength
of the trailing vortices was maintained well past the tail fins.'?

The effectin the grid fin case is more difficult to observe. In this
case (Fig. 13), the induced pressure on the grid fins is distributed
over the fin more than in the planar fin case. Although there was
still nonuniformity in the pressure distribution on the fins, the char-
acteristic geometry of the grid fins alleviated the unwanted rolling

b)
Fig. 13 C, contours on grid fins at M = 1.5 and a) o =4 deg and b) o =10 deg.

moment effect. At « =0, the unwanted rolling moment at M = 1.5
observed in the planar fin case is eliminated (Fig. 9). There is still
arange, 4 < «a <7 deg, in which the effectiveness of the canards is
severely reduced, but there is still an improvement over the planar
tail fins.

These results are shown quantitatively in Fig. 14, which shows
the side force coefficient on each fin for the planar and grid fin cases
at § = 10 deg. In the planar fin case, the windward fin (fin 2) is at a
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Fig. 14 Side force coefficient on tail fins for a) planar fin case and b)
grid fin case, for § =10 deg.

nearly constant, small positive value. The leeward fin (fin 4) is neg-
ative until o > 8 deg. This clearly produces the adverse roll. These
force coefficients are of the same order as those on the canards,"
but the larger moment arm of the fins produces moments larger than
those produced by the canards. In the grid fin case, Fig. 14b, there
are still side forces on the windward and leeward fins that tend to
induce a negativeroll, but this time they are lower and do not reduce
the roll effectiveness of the canards as much. Also, observe that the
horizontal grid fins produce a side force, unlike the planar fins. The
fin side force does not affect the roll moment and only adds a very
small contribution to missile side force.

The validated CFD results confirm that the use of grid tail fins
dramatically improves the roll effectiveness of the canards at low
supersonic speed. Visualizations of the flowfield from the simula-
tions performed in this study help in the understanding of the flow
physics and can lead to improved tail fin and canard designs.

Conclusions

Viscous CFD calculations were used to predict the aerodynamic
coefficients and flowfield around a generic canard-controlled mis-
sile configuration in supersonic flow. Validation of the computed
results was demonstrated by the very good agreement between the
computed aerodynamic coefficients and those obtained from wind-
tunnel measurements.

Visualizations of the flowfield at low supersonic speed showed
thatthe downwashoff of the canards produceda low-pressureregion
on the starboardside of the missile that, in turn, produced an adverse
induced side force. The side force was much lower at the higher
supersonic speed.

The visualizations also showed that the canard trailing vortices
interact with the tail fins until « is high enough so that the vor-
tices miss the leeward fin. The pressure differential on the leeward
fin produced by the interaction with the canard trailing vortices is
primarily responsible for the adverse induced roll effects observed
when planar fins are used.

Grid tail fins improved the roll effectivenessof the canards at low
supersonic speed. There was still an uneven pressure distributionon
the grid tail fins, produced by the interaction with the canard trailing
vortices. However, the design of the grid fin distributes the pressure
differently, so that the side forces are lower and do not produce as
large a roll moment as the planar fins do.
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