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Navier-Stokes Computations for Body/Cruciform
Grid Fin Configuration
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A grid fin is an unconventional aerodynamiclifting and control device consisting of an outer frame with internal
grid framework of small chord. The present study performs the Navier-Stokes computationsof turbulent flows past
1) agrid fin aloneand 2) fin/body combinationshapesat Mach numbers of 2.5and 0.7. This work designsa procedure
to generate a structure grid with a simple and efficient algorithm combining ‘“block-off”” and “multiblock’ methods
for the complex configurations. Full Navier-Stokes equations with a pointwise version of the Baldwin-Barth one-
equation turbulence model are discretized into finite difference form and solved by an algorithmin a fully coupled,
implicit, and large block structure, and the solution algorithm achieves satisfactory convergence. The comparisons
between computations and experimental data are made, and the detailed flow structure near grid fins can be

obtained and examined.

Nomenclature
A*, B*,C* = positive and negative splitting Jacobian matrices
in the &, n, and ¢ directions.

Cy = axial-force coefficient of single fin

Cgm = bending-momentcoefficient of single fin

Cum = hinge-moment coefficient of single fin

Cy = normal-force coefficient of single fin

C,Co = empirical constants in the turbulence model

D = source term Jacobian matrix

E, = total energy

E.F,G = inviscid flux vectors in transformed coordinates

E, F, G, = viscous flux vectorsin transformed coordinates

f fu = damping function for pointwise version of

. Baldwin-Barth one-equation model

H = flux vectors of source term in transformed
coordinates

J = Jacobian

P = production term of turbulent kinetic energy per
unit mass

p = static pressure

0 = vector of dependent variables

Ry = turbulentReynolds number

R, R7! = right-eigenvectormatrix of flux Jacobian and its

inverse matrix
N = turbulent variable for pointwise version of
Baldwin—Barth one-equation model
dimensionlesstime, L/C,,, L: characteristic
length, C.: freestream soundspeed

-~
1l

U = contravariant velocity in the £ directions

u = velocity componentin the x direction of
Cartesian coordinate

Vv = contravariant velocity in the n directions
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v = velocity componentin the y direction
of Cartesian coordinate

w = contravariant velocity in the ¢ directions

w = velocity componentin the z direction of
Cartesian coordinate

X, y,z = three directions of Cartesian coordinates

Yep = Y location of aerodynamic center

e = dissipationrate of turbulentkinetic energy «

K = turbulentkinetic energy

M = eigenvaluesof flux Jacobians

Heft = effective viscosity, which is equal to the
summation of u, and w;

W = molecular viscosity

s = turbulent viscosity

En, ¢ = three directions of transformed coordinates

0 = density

o = empirical constants in the turbulence model

Introduction

GRID fin is an unconventional aerodynamic lifting and con-

trol device consisting of outer frames with internal grid frame-
works of small chord (Fig. 1). Typical cross hatching of the fin
divides it into squares and triangular segments as shown in Fig. 2.
The small chord dimensions of the device result in small variations
in positions of center of pressure and near-zero hinge moment over
wide Mach-number range, so that the size of control actuator sys-
tems can be reduced. In addition, the grid fin design also leads to
different stall characteristics from that of planar fins, especially at
high angles of attack.

Aerodynamic characteristics of different grid fin configurations
have been investigated by Washington and Miller,! such as the ef-
fects of internal grid framework, Mach number, angle of attack,
and fin deflection angle on grid fin aerodynamics. Very small hinge
moments caused by the grid fin and comparable magnitudesin nor-
mal force and the root bending moments caused by grid fins and
planar fins of similar size have been observed. The reduction of
grid-fin drag levels has been further studied® by six grid fin de-
signs emphasizing the effects of outer frame cross section and web
thickness for Mach numbers ranging from 0.5 to 2.5. Furthermore,
subsonicAransonic free-flight tests of same body missiles with and
without grid fins have been conducted® for Mach numbers ranging
from 0.39 to 1.6 in the Aeroballistic Research Facility. The aerody-
namic data also indicate that there are normal shocks existing inside
the grid cells at some critical Mach number.
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Fig. 1 Sketch of wind-tunnel testing model.
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Fig. 2 Grid-fin frame cross section.

It is always interesting to predict the just-mentioned phenomena
by analytical or numerical methods from fundamental conservation
laws. A vortex lattice method has been the first intended to ana-
lyze the lift characteristics of grid fins for the subsonic regime,’*
and it can be extended for missiles at large angles of attack. Good
agreements between experimental data and theoretical predictions
have been obtained for the grid fins considered up to angles of
attack about 45 deg. Starting from 1995, numerical simulations
solving Euler equations’ with computational meshes generated by
ICEMCFD MULCAD software had been performed, so that the
aerodynamic effect of the fairing ramp can be quantified. Until
2000, Navier—Stokes simulations®” for the flow over missiles with
grid fins were obtained by the commercial unstructured-gridsolver
(FLUENT) solving three-dimensional time-dependent Reynolds-
averaged Navier-Stokes equations with the Spalart—-Allmaras one-
equation turbulence model. Second-order upwind discretization by
Roe’s method was used for the flow variablesand turbulent viscosity
equation. Spalart—Allmaras model with wall function was applied to
resolve the effect caused by inefficient fine mesh near—wall region.
The computations 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. Good agreement with the measured data was obtained for
all configurations investigated.

For efficient computational work the grid-generationmethod and
the efficient solver are the base elements. The present study adopts
a structured grid system instead of an unstructured grid system so
that more flexible choices of the existing solution algorithms can be
made. It means a simple but efficient grid-generationalgorithm must
be designed to eliminate the grid-generation work, especially for
complex flow configurations. Present work extended the blocking-
off conceptintroduced by Patankar® in incompressible flow compu-
tation. In Patankar’s approach a rectangular grid can be modified to
handle an irregular-shapedcalculation domain by blocking off part
of the control volume for the desired irregular domain, that s, estab-
lishing known values of the relevant flow variables in the inactive
control volumes. Employing the “block-off” grid concept, the solid
region is also included in the solution domain and acts a part of the

grid system. For example, if the inactive region represented a sta-
tionary solid boundary the velocity component in this region must
be setequal to zero. The similarconcept, the fortified Navier—Stokes
concept,” was employed to handle complex body configurationsand
improve local grid resolution. The present algorithm solves the full
Navier-Stokes equations with a pointwise version of the Baldwin—
Barth one-equation turbulence model in a fully coupled, implicit,
and large block structure. Numerical schemes solving flow variables
in delta form are described in the following sections.

Governing Equations
The differentialequationsdescribingthe flow for this study are the
three-dimensional, time-dependent, compressible, mass-averaged
Navier-Stokes equations with the one-equation turbulence model
of pointwise version of the Baldwin-Barth model.!° The resulting
nondimensional equations in conservationlaw form can be formu-
lated in the curvilinear coordinates as follows:
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The elements in the matrices are
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The variable % for the turbulence model is defined as «/s2. P is
expressed as

= (ut/p)[Z(uf +u; + wz) + (uy +u: + v+ v+ w, + wy)]

o, C.,, C,, are empirical constants in the turbulence model.!* Ef-
fective viscosity peg consists of two parts: turbulent viscosity u,
and molecular viscosity p,;. The turbulent viscosity is expressed as

=C,pf.N.

Numerical Algorithm
The finite volume approach is used for the formulations of dif-
ference equations. The fully implicit discrete form of Eq. (1) canbe
written in a delta form as follows:
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In this study central difference approximationis used for the viscous
terms E,, F,, G,, and the total-variation-diminising numerical
flux proposed by Yee and Harten'! is applied for the convective
terms E, F, and G.

In the present study the equation set is solved simultaneously
using the implicit unfactored backward-Euler scheme!? for time

integration. After the upwind-differencingapproximation in the &,
n, and ¢ directions, the resulting difference equations for the full
Navier-Stokes equations and the transport equation of variable i
can be written as!?

9A+* 9A- 9B+ 9B~ aC+ aC- A\
1+ At + + + + + -D

90—  0&t  9an~  ant  d¢  dg*

x AQ!., = (RHS)" 3)

i,j.k
Where A*, B*, C* are the positive and negative splitting Jacobian
matrices in the &, , and ¢ directions. Generally, the split Jacobian
matrices A*, B*, C* are modified to maintain the stab1llty of the
thin-layer viscous term. They are given as follows'3
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where IA? R~ are the right-eigenvector matrix of flux Jacobian

8E/8Q and its_inverse and As are the eigenvalues of flux
Jacobians 8E/8 0.

The source term H can be very large and cause the equation to
be set very stiff. To mitigate the stiff problem, the source terms are
treated implicitly."* Employing the lower-diagonal-upperimplicit
(LDU)" scheme, Eq. (3) can be written in the following form:

(L+D+ U)AQ” = —At(RHS)" )

The approximate factorization method factorizes the preceding
equation into

(L4 D)D™'(D + U)AQ" = —At(RHS)" 5)

So Eqg. (5) can be solved in three steps. Finally, the primitive con-
servation variables on time level n 4 1 can be obtained by Q" *! =
Q" +A Q" In addition to the preceding schemes, the space-varying
time step'® for cell (i, j, k) is employed, that is,

(A1) jx = (At)rcf/(l + ﬁ)

Grid-Generation Procedure

Figure 1 shows the sketch of the wind-tunneltesting model® under
present investigation; it is a 10.4-caliber, four-grid-fin (cruciform)
missile shape. The missile has a three-calibers tangent-ogive nose,
faired into a 7.4-caliber afterbody. These four-fin hinge axes are lo-
cated 2.0 calibers before the end of the missile. The body diameter is
5in. The chordlength of grid finis of 0.384 in. with web thickness of
0.008 in. The internal arrangement of grid is of a cross-honeycomb
type (Fig. 2). The frame cross section is rectangular such that the
thickness is constant from leading to trailing edge. The thickness
of outer shell is simplified as 0.04 in. (The dimension of the outer
shell for the test model? is varied from 0.02 to 0.06 in.) Two rectan-
gular plates of thickness 0.04 in. act as the support structure simply
connected to the missile body. The distance, where the fin is offset
from the body centerline,is 0.598 in.

In the present study the multiblock grid and block-off-type grid
treatments are combined. The procedure generating the entire grid
system consists of six steps and will be described first in the follow-
ing paragraphs:

At first, a base grid is generated for a single fin (or fin alone), and
the fin is of complex structure like as honeycomb. The grid fin is
composed of basic elements with cross sections as equal-side right
trianglesplus aslitweb (Fig. 3). A transfinite interpolationscheme'”
is employed to generate the grid points on lines describing the slit
web (BE and AF) and the interior grid points (the triangle BDE)
after specific auxiliary points C and G on the line segments BD and
BE are chosen. The triangle ADF has a right angle at point D, and
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Fig. 3 Basic two-dimensional grid on y-z coordinate plane for equal-
side triangular element.

1R

Fig. 4 Basic two-dimensional grid on y-z coordinate plane for square
element.

the sides DA and DF are of the same length. The unit length for sides
DA and DF in Fig. 3 are equal to 0.2625 in. The slit region ABEF
represents a half of the web, that is, the distance of the parallel line
segments AF and BE must be set to half-thickness of the web. The
auxiliary points C and G are chosen with the heightin the Z direction
of point G greater than the height of point C (i.e., GG’ > CD), so
that the auxiliary curve CG is orthogonal to the line BE. Other grid
points on region BCG and region CDEG boundaries are distributed
on line segments BC, BG, CD, DE, EG, and curve CG. Figure 3
shows the good grid quality in terms of the grid point distribution
and orthogonal property. Three grid systems consistingof 11 x 11,
13 x 13,15 x 15,and 17 x 17 points in the Y and Z directions are
obtained, and the grid-refinement test proves that a 11 x 11 grid
point of a basic element is fine enough.

Second, the grid node distribution of basic element ADE is re-
peated to construct a square element P?RS with a pair of X-type

webs in Fig. 4; therefore, Fig. 3 is  of Fig. 4. For the two-

dimensional square element PQRS the periodic boundary condition
is applied on the line segment OR (O is the center point), where two
grid lines are overlapped. The black-band region in Fig. 4 consists
of three lines that represent the web solid structure and is treated as
the block-off grid region.

Third, the main frame of the Y-Z cross section for the entire
grid fin is obtained by repeating the square element PQRS or the
triangular base element ADF, that is, Figs. 3 and 4 are used repeat-
edly to generate Fig. 5 and so on. Then block-1 to block-20 are
generated to form the grid for a single grid fin in two dimensions
(two-dimensional grid). Hyperbolic grid generationis performedin
the outside region of the grid fin, and the gridlines start from the
boundary grids of the grid fin. The far extensions from the gridlines
are made to avoid the incorrect wave reflections, as shown from the
block-25 to block-28 grid.

In the last step extending the two-dimensional grid (Fig. 5, block
1 to block 28) in the X direction so that the three-dimensionalmulti-
block grid system for grid fin alone is completed (Fig. 6). The block-
interface, symmetric line, wall, far-field boundary conditions and
block-off grid region must be specified and configured in the entire
grid system.

One or one-plus-two-halfgrid system of a single grid fin in Fig. 5
can be connectedto the missile body and form a horizontal-fin/body

Fig. 5 Two-dimensional grid for Y-Z cross section for grid-fin-alone
grid systems.

Fig. 6 Three-dimensional multiblock grid system for grid-fin-alone
computation.
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Fig. 7 Two-dimensionalgridfor Y-Z cross section for body/horizontal-
fin configuration grid systems (near grid fin, 36 blocks).
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Fig. 8 Two-dimensional grid for Y-Z cross section for body/cruciform
fin configuration grid systems (near grid fin, 72 blocks).

shape grid (36 blocks as shown in Fig. 7) or a cruciform-fin/body
shape grid (72 blocks as shown in Fig. 8). The H-O-type topologies
are adopted for the flowfield grid around the fin-body shape. The
flow regime at the base region is not the emphasis in the present
study; therefore, the extended-body-type grid is adopted in the x
direction. The completed three-dimensional grid distributions for
cruciform-fin/body configuration are plotted in Fig. 9.

Block-Off-Type Grid Region Treatment

For all grids containing solid structure the block-off-type grid is
adapted, and the basic procedure for the treatment is described as
follows. First, generate an H-type mesh on the solid-bodyregion (in-
activeregion). Second, apply no-slipboundary treatmentto evaluate
numerical flux and flow variables on the solid-body surface. Third,
add a great value (for example, 10%°) to diagonal elements of the
matrix D of Eq. (5) to ensure the systemequations with the diagonal-

Fig. 9 Three-dimensional multiblock grid system for body/cruciform-
fin configuration.

dominate property. The treatmentenforcesthe conservative-variable
increment AQ to equal zero in the block-off grid region after
each iteration step. Fourth, carefully specify the conservation vari-
ables in the block-off grid region to avoid incorrect cell-interface
numerical flux evaluation. In the present study density and static
pressure in this region are set as twice of total density and total
pressure, velocity components are set to zero, and the turbulent
variable R is set to a small value as 107,

Results and Discussion

The grid-independent tests for grid-fin-alone configuration are
carried out for Mach number 2.5 with freestream chord Reynolds
number5 x 10° at 5- and 15-degangles of attack. The grid-fin frame
cross-section shape is shown in Fig. 2 with a reduced chord length
0f0.26251n. Two classes of grid systems are designed with different
distributions near the wall region, that is, “fine-wall” and “coarse-
wall” grid systems, so that the requirement of the resolution of grid
pointnear the wall can be shown. Fine-wall or coarse-wall grid sys-
tems are named after the first grid line at a distance 0.0002 or 0.005
chord length off the web surface, respectively. The grid systems
are constructed by basic equilateral right-angle triangular element
with the points 11 x 11, 13 x 13,15 x 15,17 x 17 inthe Y and Z
directions.Figure 10 plots the convergencehistories of the five grid-
independenttest cases (grid-fin-alone configuration)and one planar-
form fin/body shape case. The L, residual of flow variablesfor these
calculationscan be four orderslower within 5000 ~ 6000 iterations,
respectively; thus, the converged flow structure are achieved. The
computed aerodynamic coefficients of normal force, axial force,
hinge moment, and bending moment for fin alone are tabulated in
Table 1. The computed aerodynamic coefficients for five-deg angle
of attack of normal force, axial force, hinge moment, and bending
moment for fin alone are tabulated in Table 1. It is observed that
the discrepancies of computed aerodynamic coefficients from the
fine-wall grid and coarse-wall grid computations are insignificant,
although the fine-grid system might derive different distributions
for eddy viscosity or local velocity profile near the wall of the web
surface. The computed values of normal-forceand bending-moment
coefficients are exceedingly close for all grid systems, ranging from
11 x 11to 17 x 17 points with fine-wall or coarse-wall refinements.
And the computed axial-force and hinge-moment coefficients are
very close by employing the grid points 13 x 13, 15 x 15,17 x 17
in the Y and Z directions also. However, there is approximately a
7% difference in axial-force coefficients and a 3% difference in



LIN, HUANG, AND CHIENG

35

Table1l Computed aerodynamic coefficients using different grids for Mach number of 2.5

and 5-deg angle of attack

Moo =2.5,a=5,Re =5 x 10°)

Grid Grid points  Axial-force Normal-force  Bending-moment Hinge-moment
type® (million) coefficient C4  coefficient Cy coefficient Cpp, coefficient Cpp,
Fllx 11 1.20 0.5017E4+01  0.9711E+01 6.3788E+01 —4.9843E+00
Cllx11 1.20 0.5032E4+01  0.9682E+01 6.3600E+01 —4.9627E+00
F13 x 13 1.57 0.4656E+01  0.9733E+01 6.4006E+01 —5.1655E+00
Cl13x13 1.58 0.4672E+01  0.9696E+01 6.3767E+01 —5.1360E+00
F15x 15 2.00 0.4661E+01  0.9779E+01 6.4328E+01 —5.1990E +00
Cl15x15 2.00 0.4675E+01  0.9738E+01 6.4066E+01 —5.1669E+00
F17 x 17 2.48 0.4547E4+01  0.9798E+01 6.4479E+01 —5.2565E+00

*F = fine grid; C = coarse grid.

Table2 Computed aerodynamic coefficients for different grids at Mach number of 2.5
and 15-deg angle of attack (M, = 2.5, a = 15 deg, Re = 5 x 10%)

Grid No. of grid points ~ Axial-force  Normal-force Bending-moment Hinge-moment
type® (million) coefficient C4 coefficient Cz  coefficient Cyy,,  coefficient Cppy
Fl1x 11 1.20 0.6387E+01 0.3266E+4+02  0.2165E4+03  —0.1610E+02
F13x 13 1.57 0.6002E+01 0.3288E+02  0.2182E4+03  —0.1669E+02
F15x 15 2.00 0.6014E4+01 0.3306E+02  0.2194E4+03  —0.1679E+02
F17 x 17 2.48 0.5979E+01 0.3312E402  0.2202E4+03  —0.1693E+02
*F = fine grid; C = coarse grid.
10°
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Fig. 10 Convergent histories for the cases of grid-fin-alone configurations; Mach number 2.5 and 5-deg angle of attack.

hinge-moment coefficients between the values using 11 x 11 or
13 x 13 grid system. The observationsreveal that although the de-
tailed turbulent flow physics can be questionableif only 4-7 or 2-3
points inside the boundary layer for fine-wall or coarse-wall grid
systems exist for an unit grid cell, integrated variables as aerody-
namic coefficients are still acceptable because of their values of
small discrepancies. The computed aerodynamic coefficients for a
15-deg angle of attack of normal force, axial force, hinge moment,
and bending moment for fin alone are tabulated in Table 2. The
results are similar to results in Table 1. To save computational re-
sources, the grid system consisting of 11 X 11 points in the Y and
Z directions for one equilateral right-angle triangular element and
coarse-wall grid distance on the grid fin web surface are selected to
generate the 36-blocks planar-form configuration grid system.

Extendingthe two-dimensionalgrid systems shown in Figs. 7 and
8in the axial direction generates the horizontalfin/body grids. There
are 77 total stationsin axial direction, with 17 stations for horizontal
grid fin; the total grid number is approximately 1.67 million.

The horizontal-grid-fin/body shape is the configuration of major
interest in the present work because the fin aerodynamic experi-

mental data are available? The calculationsare made for freestream
Mach numbers of 0.7 and 2.5 with body-diameter-based Reynolds
number of 5 x 10° at angles of attack 5, 10, 15, and 20. Figure 11
shows that the computed fin normal coefficients are in good agree-
ment with the experimental data for an angle of attack below 15 deg
but are different for the case of 20-deg for a Mach number of 0.7.
The linear relation between the normal force and angle of attack is
achievedifthe angleof attackisless than 5 deg, and the nonlinear-lift
or near-stall characteristic is related to the turbulence characteris-
tics. For the case of Mach number 2.5, the computed fin normal
coefficients are in good agreement with the experimental data for 5,
10, and 15 deg angles of attack.

Figure 12 indicates that the axial-force coefficient C, predictions
are in good agreement with experiment for the angle of attack less
than 10 deg, but the computed C 4 are underestimatedfor 10, 15, and
20anglesof attack for Machnumber(0.7. However, the computed C 4
isoverestimatedfora 15-degangle of attackand Machnumberof2.5
(Fig. 13), but the predictioncan be improved by finer grid (Table 1).
The computed hinge-moment coefficients are in good agreement
with the experimental data for angle of attack below 10 deg and
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Fig. 14 Hinge-moment coefficients vs angle of attack (Mach number
0.7).
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Fig. 12 Single-fin axial-force coefficients vs angle of attack (Mach
number 0.7).
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Fig. 13 Single-fin axial-force coefficients vs angle of attack (Mach
number 2.5).

are overestimated for the cases of 15 and 20 deg for Mach number
0.7 (Fig. 14). The overestimationis apparently enlarged for a Mach
number of 2.5 (Fig. 15). This resulted from the overestimation of
lift at the near-stallregion. The x location of the aerodynamiccenter
might be improved for finer grid point on axial distribution. Coarse
grid distribution in the x direction will reduce the resolution of
shock reflection and interaction and change the aerodynamic force
distribution in each panel of the grid-fin frame. Figures 16 and 17
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Fig. 15 Hinge-moment coefficients vs angle of attack (Mach number
2.5).
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Fig. 16 Bending-momentcoefficients vs angle of attack (Mach number
0.7).

show that the computed bending-moment coefficients Cgy; are in
good agreement with experimentsat angle of attack less than 10 deg
for both Mach numbers. The trend is similar to those of Figs. 11 and
18.Itindicates that a good predictionon the y value of aerodynamic
center (Ycp) can be achieved.

Figure 19 plots the computedsurface-pressuredistributionson the
grid fin for the flight condition of Mach number 2.5 and 20-deg an-
gle of attack. There is a complex three-dimensional-shock structure



LIN, HUANG, AND CHIENG 37

Table 3 Computed aerodynamic coefficients for flows over 1) planarform and
2) cruciform-fin/body combinations at freestream Mach number of 2.5 and 5-deg angle of attack

Grid-fin/body Fin Axial-force  Normal-force Bending-moment Hinge-moment
combination location coefficient C4 coefficient C;z  coefficient Cy,, coefficient Cppy,
Cruciform type Upper fin 4.502E—-02  2.848E—-02 0.000E+00 —2.014E—-01
Horizontal fin  4.641E—02  7.481E—02 6.495E—-02 —6.383E—-01
Lower fin 4816E—02  3.518E—02 0.000E+-00 —3.379E-01
Planarform type Horizontal fin  5.260E—02 7.966E —02 6.888E—02 —6.724E—-01
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Fig. 17 Bending-momentcoefficients vs angle of attack (Mach number
2.5).
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Fig. 18 Single-fin normal-force coefficients vs angle of attack (Mach
number 0.7).

emanating off the grid fins and exhibit high pressure at the region
near-fin/body junctions. The high pressure on the top of the grid-
fin frame reveals the generation of the pressure drag as a result of
the configuration of outer frame apparently with the strong shock
occurring at the surface facing the inflow.

Figure 20 plots the pressure contour on the X—Z cross-section
plane (i.e., Y = 0.9516 caliber) of the horizontal fin for the cases of
Mach number 2.5 at 5 and 20-deg angle of attack. Red bars in the
figures indicate the solid region of the intersection of several webs
and outer frame of the grid fin. For the case of 5-deg angle of attack
shown in the left figure, the oblique shocks are attached in front of
each web, and strong bow shock is occurred at the leading edge of
outer frames. For the case of 20-deg angle of attack shown in the
right figure, strong oblique shocks are occurred on the windside of
each web and outer frames, but expansion wave are on the leeside.

Comparing the streamline patterns (Fig. 21) over the horizontal
fin for Mach number 2.5 at 5 with 20-deg angle of attack reveals the

M=2.5 Alpha=5.0

Fig. 19 Surface-pressure distributions of horizontal-fin/body config-
uration for the flight condition: Mach number 2.5 and 5-deg angle of
attack (near grid fin).

i —
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v U -

Fig. 20 Pressure distributions of the horizontal grid-fin X-Z cross sec-
tion (Y =0.9516 caliber), Mach number 2.5,5- and 20-deg angle of attack.

existence of an apparentseparatedregion for 20-deg angle of attack
instead of smooth streamlines for a 5-deg angle of attack.

Figure 22 illustrates computed surface-pressure distributions on
the cruciform-fins/body shape for the flight condition of Mach num-
ber 2.5 at a 5-deg angle of attack. The grid system is constructed
using an equilateral right-angle triangular element with the 11 x
11 points of I and J directions, 72 blocks cruciform-fins/body shape
grid system, 59 total stations in axial direction, 15 stations in the
grid-finchord, and a total of grid numbers 0f2,580,000.The pressure
distribution near the horizontal fin and fin/body junction is similar
to Fig. 17. The details of aerodynamic coefficients for planar-form
configuration are listed in Table 3 with the freestream Mach number
2.5 at 5-deg angle of attack. For the cruciform-fins/body shape the
normal-force coefficient of horizontal fin is higher than the normal-
force coefficients of upper and lower fin. Comparing the com-
puted aerodynamic force and moment of horizontal fin for different
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Fig. 21 Streamlines distributions of the horizontal grid-fin X-Z cross
section (Y = 0.9516 caliber), Mach number 2.5, 5- and 20-deg angle of
attack.

Fig. 22 Surface-pressure distributions of cruciform-fins/body config-
uration, Mach number 2.5, and 5-deg angle of attack.

fin/body combination, it implies that the differences of each aero-
dynamic coefficient between planar-form and cruciform-fins/body
shape are small, but the total grid number of cruciform-fins/body
shape is twice as that of planarform-fins/body shape. Furthermore,
the fin-to-fin interferenceis not significant. Therefore, the computa-
tion for the simplified planar-form(i.e., horizontal fin/body) config-
uration computation is more important for both horizontal fin/body
and cruciform configurations.

Conclusions

The specialized grid-generation method combining multiblock
and block-off-type grid treatments has been developed for com-
plex grid-fin configuration. The scheme is constructed based on
the repeated geometric characteristic, so that three-dimensional fin
configuration can be obtained easily after one grid-fin cross-section
two-dimensional grid is generated. A similar conceptcan be applied
to generate the horizontal-fin/body shape and cruciform-fin/body
shape grid systems. The Navier-Stokes computations provide the
detailed flowfields including Mach-number contours, pressure con-
tours, and streamline patterns as well as the integratedaerodynamic
coefficients. The computed aerodynamics coefficients of fin with
body interference consisting of normal force, bending moment,
hinge moment, and axial force that shows differentdegrees of agree-
ment with the experimental data for different angles of attack and
Mach numbers. In general, good agreements are obtained on the
normal-force coefficient and the bending-moment coefficient up to
largerangles of attack, limited agreements on axial-force coefficient
and hinge-moment coefficient except for small angles of attack.
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