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Computational Fluid Dynamics Analysis
of a Missile with Grid Fins
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An approach for using viscous computational fluid dynamic simulations to calculate the flowfield and aero-
dynamic coefficients for a missile with grid fins is presented. A grid fin is an unconventional lifting and control
surface that consists of an outer frame supporting an inner grid of intersecting planar surfaces of small chord. The
calculations were made at a Mach number of 2.5 and several angles of attack for a missile without fins, with planar
fins, and with grid fins. Comparing the computed aerodynamic coefficients for the missile and individual grid fins
against wind-tunnel measurement data validated the results. Very good agreement with the measured data was
observed for all configurations investigated. For the grid fin case, the aerodynamic coefficients were within 6.5 % of
the wind-tunnel data. The normal force coefficient on the individual grid fins was within 11% of the test data. The
nonlinear behavior of the normal force on the leeward fin at higher angles of attack was also accurately predicted.

Nomenclature

cell face area, m?

pitching moment coefficient based on missile
base area and diameter

pressure coefficient

axial force coefficient based on missile base area
normal force coefficient based on missile base area
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 components in x, y, z directions
cell volume, m*

velocity vector, ui + vj + wk

vector of conservative variables

axial, horizontal, and vertical body axes
angle of attack

kinematic viscosity, m?/s

density, kg/m?

viscous stress tensor
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Introduction

HE U.S. Army Research Laboratory (ARL) is using compu-
tational fluid dynamics (CFD) to investigate the aerodynamic
characteristics and flowfield structure of grid fins, also known as
lattice controls. A grid fin is an unconventional lifting and control
surface that consists of an outer frame supporting an inner grid of
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intersecting planar surfaces of small chord. Grid fins have been em-
ployed on some Soviet missiles but have not been included on any
missile systems in the west.! Interestin grid fins is primarily geared
toward their potential use on highly maneuverable munitions due to
their advantages over conventional planar controls at high angles of
attack and high Mach number.

The aerodynamics of grid fins have been investigated since 1985
by U.S Army Aviationand Missile Research and DevelopmentCen-
ter, Huntsville, Alabama.>~* These investigationsindicated that grid
fins have some advantages over conventional, planar fins. One ad-
vantage is the ability to maintain lift at higher angles of attack be-
cause grid fins do not have the same stall characteristics of planar
fins. Another advantage is the very small hinge moment, which can
reduce the size of control actuator systems. Because curvature of the
grid fins had little effect on their performance,folding down the fins
onto the missile body is a storage design advantage. The main disad-
vantage was higherdrag than that of planar fins, althoughtechniques
for minimizing drag by altering the grid fin frame cross-sectional
shape were demonstrated? These studies also showed that grid fins
experience a loss in control effectiveness in the transonic regime
due to flow choking in the individual cells.

The Defence Evaluation and Research Agency (DERA), United
Kingdom, has performed wind-tunnel tests on grid fins and com-
pared their aerodynamic characteristicsto conventional planar fins.!
These studies confirmed some of the previous results and showed
improved yaw stability due to the ability of the grid fins to generate
side force. The results also showed that the vertical fins contribute
about 30% of the static longitudinal stability when oriented in the
cruciform (4) configuration.

Aeroballisticrange flight tests have recently been conductedat the
U.S. Air Force Research Laboratory AeroballisticResearch Facility,
Eglin Air Force Base, Florida.® These subscale free-flight tests were
the firstreported for a missile configurationwith grid fins. In addition
to providing the raw data to derive the aerodynamic coefficients
for the grid fin models, shadowgraphs of the models in flight at
Mach numbers between 0.39 and 1.65 showed an interesting shock
structure in and around the fins.

There have also been theoretical and numerical methods used to
estimate the lift characteristicsof grid fins. Methods have been de-
veloped for the subsonic (vortex lattice theory), transonic (empirical
methods), and supersonic (Evvard’s theory) regimes (see Refs. 6-
10). Empirical extensions were used to gain data for missiles at large
angles of attack. If body upwash terms are included, these methods
provide adequate aerodynamic characteristics of grid fins for pre-
liminary design purposes in the subsonic and supersonic regimes.
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The first reported CFD calculations made on grid fins were
sponsored by the Defence Research Establishment Valcartier,
Canada.''"!3 These studies only included inviscid (Euler) simu-
lations. The authors concluded that the inviscid CFD calculations
provided a reliable means of studying the flows past missiles with
grid fins. Comparisons with data* showed reasonable agreement for
the fin normal force. The Euler calculations for the grid fins com-
pared better with the measured data than Euler calculations for the
planar fins. The authors attributed this to the shorter surfaces of the
grid fins in the axial direction, as compared to planar fins.'> The
results of the viscous calculations from the present study help to ex-
plain this effect. Another study involving inviscid computations'
concentrated on the flow in the region of the grid fin while studying
the effect of a fairing ahead of the base of the fin. These investiga-
tions were performed at Mach numbers of 1.5-2.5.

This paper presents the results of the first viscous CFD calcula-
tions made involving a missile with grid fins. The results are vali-
dated by comparing them against wind-tunneldata.' Simulations of
the missile body alone and with planar fins were also performed as
part of the validation process.

Numerical Approach

The investigationinvolved using CFD to determine the flowfield
and aerodynamic coefficients on a 13-caliber, four-finned, generic
missile shape (Fig. 1). The missile has a 3-calibertangentogive, and
the fin pitch axis is located 1.5 diameters before the aft end of the
missile. The analysis proceeded in three steps. The first involved
the missile without fins, case B1A (Fig. 1, top); the second was
with the missile with planar fins, case BIAC2R (Fig. 1, middle);
and the third was the missile with a set of grid fins, case BIAL2R
(Fig. 1, bottom). The configurations were labeled according to the
designationsused at DERA.! The span and chord of the planar fin
were 1.0 caliber. The span of the grid fin was 1.1 caliber and the
chord was 0.17 caliber. All analyses were performed at M =2.5
and at a minimum of three angles of attack: 0, 10, and 20 deg. The
simulations were performed with the missile in the cruciform (+)
configuration, and symmetry (x-z plane) was used so that only a
half-plane was modeled.

Steady-state calculations were made to compute the flowfield for
the three cases using the commercial CFD code, FLUENT ver-
sion 5.1. The implicit, compressible (coupled), unstructured-grid
solverwas used. The three-dimensional time-dependent,Reynolds-
averagedNavier-Stokes equationsare solvedusing the finite volume

method:
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Fig. 1 Basic missile shape with no fins (B1A, top), planar fins
(B1AC2R, middle), and grid fins (B1AL2R, bottom).
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The inviscid flux vector F is evaluated by a standard upwind flux-
difference splitting. In the implicit solver, each equation in the cou-
pled set of governing equations is linearized implicitly with respect
to all dependent variables in the set, resulting in a block system
of equations. A block Gauss-Seidel, point implicit linear equation
solver is used with an algebraic multigrid method to solve the re-
sultant 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 discretization in time is
combined with a Newton-type linearization of the fluxes.

The Spalart-Allmaras,'’ one-equationturbulencemodel was used
for these calculations. In FLUENT, the original version of the
Spalart- Allmaras model is modified to allow the use of wall func-
tions when the mesh resolutionis not sufficiently fine to resolve the
viscous-affected,near-wall region of the boundary layer.!® This ca-
pability was used in generating the mesh so that the computational
requirements were reduced as much as possible. Second-order dis-
cretization was used for the flow variablesand the turbulent viscosity
equation.

The geometry and unstructured meshes for the three configura-
tions were generated using the preprocessor, GAMBIT, suppliedin
the FLUENT software suite. In generating the meshes, boundary-
layer mesh spacing was used near the missile body and fin surfaces.
Advantage was taken of the wall function option of the solver in
FLUENT, and the first point off the surface (cell center) was about
0.002caliber. All mesh stretching was keptbelowaratioof 1.2. Hex-
ahedral cells were used except for a small region ahead of and partly
over the first 0.1 caliber of the nose of the missile (1% of the total
length). The latter region was made up of tetrahedronsand pyramid
transitionelements. The tetrahedralmesh was made to covera small
part of the missile nose to allow a transition from the missile nose to
the freestream part of the mesh ahead of the missile. This approach
was used because of a limitation in GAMBIT, which was removed
in a later release of the software. Therefore, a true boundary-layer-
type mesh was not covering the first 1% of the missile body, but this
had no observable effect on the results. The B1A case was meshed
as five separate volumes, one in the freestream region, two over
the first 10 calibers of the missile, and two over the last 3 calibers.
This methodology was used so that the mesh in the first two regions
could be used regardless of the fin type. The meshes between vol-
umes were conformal, or exactly matching at the boundary surfaces.
The total number of cells in this case was about 670,400. The mesh
for the planar fin case was modified slightly so that only one volume
covered the first 10 calibers of the missile. The tail region consisted
of seven volumes located ahead of, behind, and between the fins
and off the fin tips. The total number of cells for this case was about
1.2 x 10%, and again the mesh was totally conformal.

The geometry for the grid fin case is shown in Fig. 2. The solid
modeling capabilities of GAMBIT simplified the generation of the
grid fin geometry. In the wind-tunnel model, the frame of the grid
fin is chamfered to reduce drag? A chamfer was not included in
the geometric model used in the FLUENT calculationsso that mesh
generation could be simplified. The mesh for the freestream region
and the first 10 calibers of the missile body was similar to that for the
planar fin case. Because of the complexity of the mesh in the region
around the grid fins, and to minimize the total mesh size, a noncon-
formal mesh interface was used on an axial plane 10 calibersfrom the
nose. With this type of interface, which is used in FLUENT to han-
dle sliding meshes, the cells on either side of the interface are treated
as general polyhedrons, instead of tetrahedrons or, as in this case,
hexahedrons.Some interface cells will then have more than one face
shared with a neighboringcell on the other side of the interface. For
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Fig. 2 Geometry for grid fin case (B1AL2R).

the purpose of computing the gradient at the cell center, the face val-
uesare takento be the averageof the cell valuesneighboringthe face.
Accuracy will be compromisedif the cells at the interface are highly
skewed or if there is a large cell size variation across the interface.

In the mesh used in this study, the hexahedralcells at the interface
are not skewed, but the variation of the cell size across the interface
was larger than optimum. The interface was located 10 calibers from
the nose and 1.5 caliber forward of the fins. The effect of any inac-
curacy due to the nonconformal interface is believed small because
the aerodynamic coefficients compared very well with experimental
data and little effect on the flowfield was observed. The calculation
of the crossflow separation region on the leeward side of the mis-
sile, which flows through this interface, is also believed accurate.
This is shown by the accurate prediction of the normal force on the
leeward grid fin, which is very sensitive to the flow in the crossflow
separationregion. The total number of cells in this mesh was about
3.2 x 10, with 2.5 x 10° in the fin region (10-13 calibers). The fins,
interior cells, and the thin region circumferentially between the fins
were meshed first. The surface mesh was then projected axially for-
ward and rearward with smoothing. There were one or two cells
across the front and rear of the grid fin web and frame surface. This
dimension is the same order of magnitude as the first cell spacing
off the surface (0.002 caliber).

The base flow was not simulated in these calculations, so that the
mesh stopped at the end of the missile. The computational domain
extended4 calibers from the missile body. About 72 cells were used
on the missile body in the circumferential direction, with this value
increasedin the fin region. An outflow boundary condition was used
downstream, a pressure inflow (freestream conditions) boundary
conditionwas used upstream,and a far-field pressure (nonreflecting)
boundary condition was used for the outer boundary. A nonslip wall
boundary condition was used for all solid surfaces. The y* value
was about40-60 along the missile body, which is optimum for wall
functions. The maximum value was about 150 along the ogive and
between 100 and 140 on the grid fin surfaces. The Reynolds number
was 13.1 x 10° m™!, or 1.2 x 10° for this model. The freestream
temperature and pressure were 137 K and 8325 Pa, respectively.

The FLUENT simulations were performed in parallel using four
to six processorson a Silicon Graphics Onyx 2 with R12000 proces-
sors. The number of processors was limited by the software license
in place at the time. The solutions were started with a Courant-
Friedrich-Lewy (CFL) number of either 1.0 or 2.0. The CFL num-
ber was quickly increased to 4.0 or 5.0 for the remainder of the run.
The grid fin calculations took about 4.5-5 min/iteration using six
processors. Convergence was determined by tracking the change
in the aerodynamic coefficient values and the flow residuals dur-
ing the solution. The aerodynamic coefficients converged in about
600 iterations. It took about 1500 iterations for the turbulent vis-
cosity to converge, with the scaled residual reduced to about 107,
A grid sensitivity study was not performed due to the complexity
of the grid fin geometry and time constraints. The mesh spacing on
the missile surfacesand the extentof the computationaldomain were
based on those used in previously validated missile and projectile
simulations performed at ARL."”

The no fin and planar fin cases were also run with a structured-
mesh, finite difference code, ZNSFLOW,! which solves the
complete set of three-dimensional, time-dependent, Reynolds-
averaged, thin-layer, Navier-Stokes equations in generalized coor-
dinates. The time-dependentequationsare solved viaa time-iterative
solution technique to obtain the final steady-state converged solu-
tion. The time-marching technique applied is an implicit, partially
flux-split,'® upwind numerical scheme.!”"?* The aerodynamic co-
efficients calculated with this code using the Baldwin-Lomax tur-
bulence model are presented in the next section, along with those
calculated with FLUENT. Because ZNSFLOW does not use wall
functions in the turbulence models, the first grid point off the solid
surfaces was about 5 x 107° calibers, giving a y* value of approx-
imately 1. The computational domain was the same, and the mesh
spacing on the missile surfaces was similar to that used in the FLU-
ENT calculations. A multiblock or zonal grid was generated using
the commercial GRIDGEN code.

The ZNSFLOW code has been extensively validated for projec-
tile and missile geometries over the past decade, including body-
alone and planar fin configurations. The ZNSFLOW calculations
have been included to provide an additional means of assessing
the FLUENT code results, especially in light of the unstructured
meshing and turbulence modeling with wall functions employed
in FLUENT. The ZNSFLOW code also has a chimera overset
gridding®' capability that was initially considered for application
to the grid fin configuration. However, the FLUENT code was ap-
plied to the grid fin configuration because the geometry was already
created using the GAMBIT preprocessor, and it was believed that
mesh generation would be faster using GAMBIT. The application
of chimera overset grids to the grid fin configuration is seen as a
worthwhile research objective; however, it is beyond the scope of
the current effort.

A series of inviscid calculations was also made on the grid fin
configuration. These simulations used the same geometry as the
viscous calculations, except for the fin-body interface, where a
short circular stem was used for mesh generation purposes. The
chamfer on the grid fin frame was also included. A Cartesian
mesh solver, TIGER,?*** and automatic mesh generation program,
CART3D,?*? were used for the inviscid simulations. The Cartesian
flow solver integrates the finite volume form of the Euler equations
to steady state using a multistage Runge-Kutta time integration
procedure?? The mesh generation and solution time were much
less than the time required for the viscous calculations. The Carte-
sian grid had about 1.3 x 10° grid points, and the turnaround time
was less than a day. The calculationsfor the flow solver were carried
out on a Sun E10K machine on a single CPU. The flow solver took
about20 pus/cell/iterationand typicallyneeded about 1500 iterations
for convergence. The aerodynamic coefficients calculated with the
inviscid simulations are compared to the viscous calculationsin the
following section.

Results and Discussion

Aerodynamic Coefficients

When the computed flowfields were used, the viscous and pres-
sure forces were integrated along the missile body and fin surfaces
to calculate the aerodynamic coefficients. The normal force, axial
force, and pitching moment coefficients are presented in missile-
based coordinates, a right-handed system with the x axis coinciding
with missile axis, positive directed to the rear, and the z axis ori-
ented upward. The pitching moment is expressed about the nose of
the missile. The referencearea is the cross-sectionalarea of the mis-
sile base, and the reference lengthis the diameter of the missile. The
calculated coefficients are compared to wind-tunnel measurements
performed at DERA.! Forebody axial force data were obtained by
correcting the measured axial force for the base drag component
using measured pressures obtained at the base of the model. The
repeatability of the DERA data was reported to be within 1% at 2.5
Mach over the range of « investigated.!

Body-Alone Case
The aerodynamic coefficients for the body-alone case B1A cal-
culated from the FLUENT and ZNSFLOW solutions are shown in
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Figs. 3-5. Data from DERA wind-tunnel measurements are also
shown. The calculated C,,, C,, and C, are shown at « =0, 10, 14,
and 20 deg for the FLUENT calculations and at 0, 4, 10, 14, and
20 deg for the ZNSFLOW calculations. The calculatedresults show
very good agreement with the measured aerodynamic coefficients.
The maximum difference between the FLUENT predictionsand the
measured C,, was 3.6%, with the maximum occurringat @ = 14 deg.
With the exception of an 18% difference between the ZNSFLOW
prediction and the experiment at « = 10 deg, the ZNSFLOW and
FLUENT results compared well with the measured C,,. The maxi-

mum differencebetween the FLUENT predictionsand the measured
C, was 2.0%, with the maximum occurring at « = 10 deg. Similar
to the C,, results, a 10% difference between the ZNSFLOW pre-
dictions and the measured C, was found at o« = 10 deg, although
much better comparisons were found at the other angles of attack.
The maximum difference between the FLUENT predictionsand the
measured C, was 4.2%, with the maximum occurringat o = 20 deg.
The ZNSFLOW predictions followed the same trend of increasing
C, with «, with a 12% difference between the predicted and mea-
sured C, at o =20 deg. The difference calculation did not include
the @ =0 deg case for C,, and C, because these parameters are
nominally zero at this angle of attack.

Planar Fin Case

The aerodynamic coefficients for the planar fin case BIAC2R
calculated from the FLUENT and ZNSFLOW solutions are also
shown in Figs. 3-5 as a function of «. The calculated coefficients
are shown at « =0, 10, and 20 deg for the FLUENT calculations
and at 0, 4, 10, 14, and 20 deg for the ZNSFLOW calculations.
The calculated C, and C,, again show very good agreement with
the measured aerodynamic coefficients. The maximum difference
between the FLUENT predictions and the measured C,, was 1.8%,
with the maximum occurring at ¢ = 10 deg. The maximum differ-
ence between the ZNSFLOW predictionsand the measured C,, was
3.1%, with the maximum occurring at « = 14. The maximum dif-
ference between the FLUENT predictionsand the measured C, was
0.2%, with the maximum occurring at « = 10 deg. The maximum
difference between the ZNSFLOW predictions and the measured
C, was 1.5%, with the maximum occurring at o = 14.

The calculated values of C, were lower than the measured values,
but they predicted the same increase with « that the experimental
data showed. The FLUENT predictions were within 17% of the
experimentaldata, and the ZNSFLOW predictionswere within 22%.
The viscous component of the axial force was about 40% of the
total (regardless of angle of attack) in the FLUENT and ZNSFLOW
simulations.

Interestingly, in this case the predicted values of axial force are
lower than the measured values, whereas the opposite was found for
the body-aloneand the grid fin cases. Some furtherinvestigationwas
warranted, and additional FLUENT calculations of the planar fin
and body-alonemodels were performed with part of the wind-tunnel
stingincludedin the model. In the wind-tunnelexperiments, the total
axial force acting on the force balance is measured. The pressure on
the base of the missileis measured using a small number of pressure
gauges (usually one or two). The C), on the base of the wind-tunnel
model is then used to remove that component of C, from the total
C,, resultingin what is called the forebody C, . This value is what is
shown as the solid line in Fig. 5. If the measured value of the pressure
on the base of the wind-tunnel model is not accurate, then forebody
C,, used to compare to the CFD, will notbe accurate. It is important
tohavean accurate measure of the forebody axial forcebecause CFD
calculations do not normally include the sting and in some cases do
notincludethe base flow at all, as in this study. When additional CFD
calculations are performed including the sting, the calculations can
be compared directly to those measured by the wind-tunnel force
balance,removingbase pressure measurementissue. In addition, the
calculation of the missile base flow will determine whether there is
an effect of not calculating the base flow in the original calculations.

The results for the body-alone case with the sting were very sim-
ilar to the case without the sting. There was very little change in the
aerodynamic coefficients, with the forebody C, within 5.1% for the
case with the sting and within 4.2% without. The total C, (includ-
ing missile base) was within 6.4% of the experimental data for the
case with the sting. These results indicate that an accurate measure
of the average pressure on base of the missile was obtained in the
wind-tunnel experiments because both the forebody and total C,
compare well with the CFD.

The predicted values for C,,, C,, and forebody C, for the planar
fin case with the sting were also similar to the predictions with-
out the sting, with the forebody C, again being underpredicted by
14%. However, the value for the total C, was within 4.8% of the
experimental value. This result indicates that an accurate measure
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Fig. 6 Pressure coefficient on missile base with sting for a) « =0, b) a =10, and ¢) o =20 deg.

of the average pressure on the base of the missile was not achieved
in the wind-tunnel experiments. Comparing contour plots of C,, on
the annularbaseregionin Fig. 6 shows that there are larger gradients
and a more nonuniform distribution of pressure on the base in the
planar fin case. Therefore, the measuring of pressure in only one
or two locations is less likely to give an accurate determination of
the average pressure on the base in planar fin case. Although the
comparison of the total C, is more accurate, the average C, on the
base of the missile from the CFD calculations, instead of the mea-
sured C,, was used to estimate the experimentalforebody C, . These
corrected data are also shown in Fig. 5, and the CFD calculations
compare reasonably well, to within 4.8% of the experimental data.
To summarize, the simulations with and without the sting give es-
sentially the same results for the forebody aerodynamiccoefficients.
Modeling the sting allows comparison of the CFD calculations with
the measured total C,, which compared very well for both cases.

Grid Fin Case

The aerodynamiccoefficients for the grid fin case BIAL2R calcu-
lated from the FLUENT and the inviscid TIGER solutionsare shown
in Figs. 7-9 as a function of . The calculated coefficients are shown
ata =0, 10, 12, and 20 deg for both CFD cases. The calculated C,
and C,, againshow very good agreement with the measured aerody-
namic coefficients. The maximum difference between the FLUENT
predictions and the measured C,, was 6.2%, with the maximum oc-
curringata = 10 deg. A portionof this differenceappearsto be asso-
ciated with a 0-deg bias in the experimental data. Larger differences
between the TIGER predictions and the measured C,, are evident,
with a maximum difference of 18% at « = 12 deg. Similar compar-
isons between computation and experiment were found for the force
coefficient C,. The maximum difference between computation and
experimentwas 6.6% at « = 10deg for the FLUENT predictionsand
13% at « = 12 deg for the TIGER predictions. A significant portion
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of the difference between the FLUENT predictions and the mea-
sured data appears to be related to a 0-deg bias in the measured C,.
However, the inviscid TIGER predictionsconsistently underpredict
measured C,.

The FLUENT axial force predictions were a little higher than the
measuredvalues,a 3-6% differencefora > Oandan 11% difference
at o = 0. Regardless of the angle of attack, the viscous skin-friction
component of the C, was 29%. The inviscid TIGER results appear
to underpredict the measured C, by more than the expected differ-
ence due to viscous drag. Outside the obvious differences produced
by the viscous skin-friction drag, the differences in C, between
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g. 10 Normal force coefficient vs o (deg) on individual grid fins.

the FLUENT and TIGER predictions were isolated to the grid fins
themselves. Further investigation, including inviscid FLUENT pre-
dictions, revealed that some of the differences are due to modeling
issues. For example, the geometry of the fins used in the TIGER and
FLUENT simulations was slightly different. In the TIGER simula-
tions, the frame of the grid fin was chamfered, as in the wind-tunnel
model, which was done to reduce drag.> At Mach 2.5, reductions of
up to 23% in the fin drag were found for the type of chamferingused
on the fins in the present study.’ Although this explains some of the
differences between the FLUENT and TIGER predictions, it fails
to explain the significant under prediction of fin C, in the TIGER
simulations. Subsequentinviscid calculations (M. Aftosmis, NASA
Ames Research Center, private communication,October 2000) with
additional grid refinement and algorithmicimprovements? reduced
the difference between the predicted and measured C,, and C, to
within 11%, but did not significantly reduce the differencesin C,.

Forces on Fins

The normal force coefficient on the individual grid fins from the
FLUENT calculationsare shownin Fig. 10, along with the measured
wind-tunnel data as a function of « (Ref. 1). The fins are numbered
1-4, with fin 1 in the 3 o’clock position and fin 4 in the 12 o’clock
position if looking forward from the rear of the missile in the +
configuration. In the simulations, fins 1 and 3 are the same due to
symmetry. The normal force on the fins was predicted very well,
with the largest difference at about 11%. As expected, the normal
force is greatest on the horizontal fins. The windward fin (fin 2,
bottom) also provides a substantial normal force. The leeward fin
(fin 4, top) provides a similar normal force as fin 2 up to about
o =4 deg, but then goes nonlinear and negative at higher angles of
attack. As described by Simpson and Sadler,' the nonlinear shape
of the normal force vs « curve for the leeward fin is caused by its
location in the crossflow separation region at higher «. As shown
later in plots of the flowfield, the local « varies over the leeward grid
fin. Some parts of the fin will be at an effective negative «, while
other parts are at an effective positive «.

The normal force coefficient on the individual grid fins showed
that the inviscid calculations did not accurately predict the normal
force on the leeward fin. The calculatednormal force coefficient was
within 5.5% and 14% of the experimentaldata on the horizontaland
windward fins, respectively. However, the normal force coefficient
on the leeward fin was much larger than the experimental value,
especially between « =5 and o =15 deg. At o = 10 deg, the cal-
culated normal force coefficient on the leeward fin was a factor of
8.4 times larger than the experimental value. As might be expected,
the inviscid calculations do not capture the crossflow separation lo-
cation on the leeward side of the missile as accurately as the viscous
calculations. This leads to a different flow entering the leeward fin,
resultingin the wrong normal force. A missile with planar fins would
have no normal force contributionfrom the leeward fin, and so a dif-
ference would be expected when comparing the total normal force
and pitching moment calculated from the inviscid solution with the
experimental data. In the grid fin case, the lower normal force on the
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missile body caused by the incorrectcrossflow separationprediction
was countered by the larger normal force on the leeward fin caused
by the incorrectly predicted flowfield. It is likely a coincidence that
the values were such that the overall normal force coefficient was
still within 11% of the experimental data.

To confirm the resultof the inviscid code, an inviscid solution was
performed with FLUENT at « = 10 deg using the same mesh as in
the viscouscalculations.The calculatednormal force coefficient was
within 1% of the experimental data for the horizontal and windward
fins, whereas the normal force coefficient calculated for the leeward
fin was a factor of 9 times the experimental value. These results
show that one must be careful how the results of an inviscid solution
are used. The Cartesian mesh generator, CART3D, which is used
with the inviscid code, significantly reduced the time required for
mesh generation, even for the complicated grid fin geometry. The
fast grid generation method makes this code especially attractive
as a design tool. However, one must be aware of the limitations
of this approach, including the need for viscous corrections in the
axial force and possible reduced fidelity in the predictions of the
individual fin forces and moments.

The axial force coefficient on individual grid fins were about
2-3 times greater than those on the planar fins. The viscous compo-
nent of the axial force on the grid fin was about 1.5 times greaterthan
on the planar fins. Although it was speculated that the smaller chord
of the grid fin might impart less viscous force than a planar fin,!?
the summation of the viscous forces on all of the lattice surfaces of
the grid fin leads to higher viscous forces. The likely reason inviscid
calculations of the aerodynamic coefficients on a missile with grid
fins were more accurate than those for a missile with planar fins'? is
that the viscous component, as a percentage of the total axial force
on the fin, is less for the grid fin case. In this study, the viscous
component of the axial force on the individual grid fin was 16% of
the total vs 30% for the planar fin. With a larger component of the
axialforcein the grid fin case due to form and wave drag, an inviscid
calculation may be expected to compare better with measured data
than a planar fin case.

Grid Fin Flowfield

A contour plot of C,, on the symmetry plane is shown for the
o =12 deg case in Fig. 11. A strong oblique shock is seen ema-
nating from the windward side of the nose, with a weaker shock
coming off of the leeward side. An expansionfan is seen coming off
of the ogive-body interface. A crossflow separation region, which
increases with «, is observed on the leeward side of the missile. The
crossflow separation region encloses the entire leeward fin at @ =
20 deg.

There is a complex, three-dimensionalshock structure emanating
off of the grid fins. Figures 12-14 show C,, contourson the symmetry
plane through the leeward fin at o« = 10, 12, and 20 deg, respectively.
At this Mach number, the shock and expansion waves do not reflect
off of the interior walls of the grid fin cells.? Instead, they first
reflect off one anotherinside the grid fin cell, setting up several more
reflections in the wake of the fin. The windward fin, not shown, is at
a positive effective o for all cases. However, the effective o on parts

Fig. 11 Pressure coefficient on symmetry plane for grid fin case;
a =12 deg.

of the leeward fin is negative as « for the missile changes, due to the
vortices in the crossflow separationregion. At o = 10 deg (Fig. 12),
the top two cells of the leeward fin are at an effective positive o,
with the shock wave emanating from the top of the cell. The third
cell from the top is at nearly a O-deg o, with shock waves emanating
from the top and bottom of the cell. Finally, the lower two cells are
at an effective negative o, with the shock wave emanating from the
bottom of the cell. At @ = 12 deg (Fig. 13), the crossflow separation
regionon the leeward side of the missile is larger, and now the second

Fig. 12 Pressure coefficient contours on symmetry plane through
leeward fin (fin 4); o = 10 deg case.

Fig. 13 Pressure coefficient contours on symmetry plane through
leeward fin (fin 4); o = 12 deg case.

Fig. 14 Pressure coefficient contours on symmetry plane through
leeward fin (fin 4); o =20 deg case.
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cell from the top is at nearly a 0-deg . At @ =20 deg (Fig. 14), the
entire leeward fin is at an effective negative . This flow structure is
responsible for the negative normal forces observed on the leeward
fin in wind-tunnel tests and these calculations (see Fig. 10).

Conclusions

Calculations of the viscous flow past a missile with grid fins were
made using CFD simulations. Comparing the computed aerody-
namic coefficients for the missile and individual grid fins against
detailed wind-tunnel measurement data validated the results. The
validation process also included calculating the flowfield for the
missile body alone and with conventional planar fins. Very good
agreement with the measured data was observed for all configura-
tions investigated. For the grid fin case, the aerodynamiccoefficients
were within 6.6% of the wind-tunnel data. The normal force coef-
ficients on the individual grid fins were within 11% of the test data.
The simulations were also successful in predicting the nonlinear
behavior of the normal force on the leeward fin at the higher an-
gles of attack. The physical nature of this effect was illustrated by
presenting C,, contours on the symmetry plane through the leeward
grid fin.

The viscous componentof the axial force on the grid fin was about
1.5 times greater than that on the planar fin. This contrasts previous
speculationthat the smaller chord of the grid fin would resultin less
viscous force than a planar fin. The total axial force on an individual
grid fin was about 2-3 times greater than that on the planar fin. As
a percentage of the total force, the viscous component was about
16% for the grid fin, as compared to about 30% for the planar fin.

Results for inviscid calculations of the grid fin case were also
presented. The normal force and pitching moment coefficients were
calculated to within 11% of the experimental data. The Cartesian
mesh generator, CART3D, significantly reduced the time required
for mesh generation, even for the complicated grid fin geometry.

The investigationdetailed in this paper demonstratedan approach
for using viscous CFD simulations to calculate the flowfield and
aerodynamic coefficients for a missile with grid fins. An unstruc-
tured mesh and wall functions were used to reduce the mesh size and
computational requirements, but substantial computing resources
were required. A viable alternative approach would be to use the
chimeraoverset grid technique to generate a structured mesh. How-
ever, the nature of the grid fin design makes the required resources
large, regardless of the approach used.
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