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Aerodynamic Analysis of Grid-Fin Configurations
at Supersonic Speeds

P. Theerthamalai* and M. Nagarathinam®
Defence Research and Development Laboratory, Hyderabad 500 058, India

An aerodynamic prediction method for the estimation of aerodynamic characteristics of grid-fin configurations
at supersonic Mach numbers has been developed. The method is based on shock-expansion theory. The shock and
expansion relations and the interactions between the shock and expansion waves are used to predict the pressure
distribution inside each grid-fin cell. The effect of body is modeled using doublet in the crossflow plane. The effect
of symmetric separated vortices from the leeward side of body is also modeled using empirical data for the strength
and location of vortices. The present method has been validated with available experimental data for body grid-fin
configurations at angles of attack without and with fin deflection. The comparison of normal force coefficient
on the individual grid fins as well as the overall normal force, pitching moment, and axial force coefficient with
experimental data is good. Effect of roll orientation on normal force, pitching moment, and induced out-of-plane

force is also brought out.

Nomenclature
Ca = axial force coefficient
C = rolling moment coefficient
Cn = pitching moment coefficient
Cy = normal force coefficient
CNB(F) = normal force coefficient on body in presence of fin
CNFB) = normal force coefficient on fin in presence of body
C, = yawing moment coefficient
Cy = side force coefficient
M = Mach number
n = normal vector to the web, [n, n, n,]
Re = Reynolds number based on body diameter
r = radial location
rp = body radius
Te = vortex core radius
Uy, Uy, u, = velocity components in x, y, and z directions,
respectively
Voo = freestream velocity
o = freestream angle of attack
r = strength of the separated body vortex
8 = fin deflection
0 = web roll angle with respect to positive y axis
0. = roll position of web with respect to vortex center
¢ = fin roll angle with respect to positive y axis (¢

positive toward positive z axis)

I. Introduction

RID fins are nonconventional aerodynamic control surfaces,

which are made of a frame supporting lifting surfaces posi-
tioned in the form of a lattice. Russian Federation armed forces
earlier used grid fins on the SS-12, SS-20, SS-21, and SS-23 short-
and intermediate-range ballistic missiles; AA-12 air-to-air missile;
SS-25 mobile intercontinental missile; and 91RE1 underwater-
launched antisubmarine ballistic missile. Grid fins are being in-
vestigated by other countries for aerodynamic control of highly
maneuverable air-launched weapons due to their advantage over
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conventional planar controls at high angles of attack and high Mach
numbers.

The main advantage of the grid fin is low hinge moment due to
low chord length, and consequently, the size of the control actu-
ator is small. The other advantages of the grid fin are 1) efficient
packaging and suitability for tube launching, 2) good lift character-
istics at supersonic speeds, 3) very high stall angle of attack, and
4) high strength-to-weight ratio. The main drawbacks of grid fin are
1) high drag, 2) lower efficiency at transonic speeds, and 3) complex
structure.

Prediction methods have been reported for aerodynamic charac-
terization of grid fins. The vortex-lattice method has been used for
subsonic flows' for linear characteristics and an empirical relation
using experimental data for non-linearity.> An empirical relation
based on experimental data has been used for transonic speeds.’
Evvard’s theory has been used for supersonic flows for linear char-
acteristics and empirical relation using experimental data for non-
linearity (see Ref. 4). Most of the prediction methods use body
upwash for the effect of the body.

Computational methods have been in use for analyzing the flow
features of grid fins,>¢ the effect of ramp near the grid fin,” and
comparison of planar and grid fins.®® The effect of the orientation
of the individual grid fin with respect to flow direction has also been
brought out in the computational studies.

Many wind-tunnel test studies have been reported to study the ef-
fect of Mach number, angle of attack, roll angles, grid configuration,
grid density, etc."19~1* Free-flight testing in the aeroballastic range
has also been conducted for investigation of grid-fin configuration
characteristics.!>16

This paper presents a prediction method for the aerodynamic char-
acteristics of grid-fin-body configurations without and with fin de-
flection at arbitrary roll orientations. The prediction methodology
and validation with experimental data are presented.

II. Prediction Methodology

The prediction method used for the estimation of aerodynamic
characteristics of grid fins without fin deflection is presented in
Ref. 17. In this paper, the method is extended for grid fin with fin
deflection and at different roll orientations.

The grid fins are divided into their constituent cells. Each cell
has three or more webs. The pressure distribution inside the cell
can be evaluated, knowing the Mach number, local angle of attack,
and flow direction for each cell. Body interference effects and the
separated body vortex effect are modeled. The details of the cell
force estimation and the body—grid-fin interference are presented in
the following sections.
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Fig. 1 Acxis system and sign convention.

Fig. 2 Web corner points.

A. Grid-Fin Coordinate System and Geometry

The coordinate system is located at the nose of the body with
right-hand notation. The x axis is along the body, the y axis is along
the right side viewed from the rear, and the z axis is upward as
shown in Fig. 1. The grid-fin geometry is divided into cells, and the
cells are divided into three or four webs. Fin deflection is modeled by
rotation of webs about the hinge line. Roll orientation is modeled by
rotation about the x axis. The details of rotation about the hinge line
and about the x axis are presented. Consider a single web with corner
points ata, b, ¢, and d. Let x,;, y,;, and z,; be the initial coordinates
of point @ when the fin is along the y axis (roll angle 0) and without
deflection. The coordinates of the point a after deflection by angle
4 is given by

Xas = (Xqi — Xp1) cOSS + z4; SINS + xpy

Yas = Yai
Zas = Zai €088 — (X4; — Xp) $in 8 (n

where xy, is the axial hinge location of the fin. The coordinates after
rotation about the x axis by angle ¢ is given by

Xa = Xas
Ya = Yas COS @ — 745 Sin
Za = Yas SIN @ + 245 COS P 2

When the final coordinates of the web corner points are known
(Fig. 2) the normal to the web can be evaluated by the following
relation:

_a—o)x@®-d
"Tla—ox b -d @

where a, b, ¢, and d are the position vectors of corner points of a,
b,c,and d.

B. Grid-Fin Cell Characteristics

Pressure distribution inside the cell is obtained using shock-
expansion method. Each cell has three or more webs. The pressure
on each web of the cell can be obtained using a shock or expansion
relation knowing the effective angle of attack normal to the web.
At the corner of the cell, there will be interaction of the adjacent
webs. The pressure at the interaction region is obtained by shock or
expansion of the web surface followed by shock or expansion due
to the interfacing web. The region of interaction is calculated using
the interfering web surface wave angle. With use of this method, the
pressure distribution on the web surfaces and the overall force con-
tribution due to each cell can be estimated. The thickness of the fin
web is assumed to be zero for the estimation of pressure distribution
and evaluation of forces and moments except axial force.

C. Effect of Body on the Fin Characteristics

The effect of the body on the fin characteristics has been modeled
using upwash theory. In upwash theory, the body crossflow field
is modeled using a doublet in a freestream flow. The axis system
is shown in Fig. 1. The velocity components due to doublet in the

crossflow plane are

uy = Vo cosa
u, = — Vo sina sin 260 (rf/lrlz)
U, = Voo Sil’lOt[l +COS29(rb2/|r|2)] (4)

where, r is the radial location of the point at which velocity is re-
quired. When the velocity components and the unit normal vector
to the web are used, the Mach number and the angle of attack faced
by the web can be evaluated.

D. Effect of a Body Vortex

According to upwash theory, the leeward side-fin angle of at-
tack and normal force will be almost same as that of windward side.
However, the experimental and computational results® show that the
leeward fin forces are much smaller and negative for high angle of
attack compared to the windward fin forces. The reason for the dif-
ference is due to the body vortex separation on the leeward side and
its influence on the leeward side fin. For proper prediction, the lee-
ward side vortex effect has also to be modeled. The leeward side
vortices are modeled using the empirical relation given in Ref. 18,
which gives the location and the strength of the vortex as a function
of the distance from the point of vortex separation. The point of vor-
tex separation is also given in Ref. 18 as a function of angle of attack.
Two symmetric vortices with two image vortices are used for the
effect of the body vortices. The vortex core model has been used to
maintain realistic induced velocities near the core. The induced ve-
locity in the circumferential direction due to the vortex'® is given by

ue = (C/2mr){1 — exp[-1.256(r* /r2)]} Q)

where r is the distance between the vortex center and the web center.
In addition to vortex core modeling, the maximum induced velocity
due to the body vortex is limited to freestream crossflow velocity,
Voo sin . The components of velocity due to body vortex are given
by

ur, =0, ury = —u,sinf,, ury =u.cosf.  (6)

where 6, is the roll position of the web center with respect to the
vortex center.

E. Effective Angle of Attack

The effective angle of attack on each web is estimated using the
velocity components and the unit normal to the web surface. The
velocity components at the web midpoint includes the freestream
component, body upwash, and body vortex effect and are given by

u, = Vo cosa
Uy = —Vaosinasin20(r7 /|r*) — uc sin6,
U, = Vy sin a[l + cos 26 (rg/lrlz)] + u, cos 6, )
The normal velocity to the web surface is given by the vector dot

productofu andn,uon=I[u, u, u,]o[n, ny, n.. The effective
angle of attack is given by

o, =sin"'[(won)/Vx] ®)

F. Carryover Force on the Body Due to Fin

The carryover force on the body has been modeled using method
of images of all of the lifting elements of the fin. Consider a lifting
element ABCD outside the body with radius r,. The radial locations
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of the corner points are r,, rp, rc, and rp. The radial locations of
the image points are given by
¥y =712 / rp

®

Then the carryover force normal to the image lifting element (Fig. 3)
is given by

/ 2 ’ 2 / 2
rAzrb/rA, VBZFb/}’B, rczrb/rc,

area of image element

10)

Crpr = Ch, e
B F® area of real lifting element

G. Fin Axial Force Coefficient

Fin axial force is estimated at zero angle of attack and is assumed
to be same at angles of attack. The general shape of the grid-fin cross
section is of constant thickness flat plate. Therefore, the axial force is
composed of skin-friction drag, leading-edge drag, and trailing-edge
base drag. The method given in Ref. 19 is used for the estimation
of the drag components.

H. Body Aerodynamic Characteristics

The body aerodynamic characteristics are predicted using Ref. 20,
and the method is briefly presented here. The body normal force and
pitching moment are estimated using second-order shock-expansion
theory for the linear component and crossflow theory for the non-
linear component. The axial force is estimated as the addition of
skin-friction drag and wave drag. The body skin-friction drag is
evaluated taking the body-wetted area and flat plate skin-friction
coefficient. The wave drag of the body is based on second-order
shock-expansion theory.

Based on the these modeling aspects, a prediction code for the
aerodynamic analysis of configuration with grid fins has been de-
veloped.

III. Validation with Experimental Data

The developed prediction code has been applied to three different
configurations, and the results obtained are compared with available
experimental data. All of the aerodynamic coefficients are normal-
ized with the body cross-sectional area as the reference area, the
body diameter as the reference length, and the moment reference
point is the nose tip.

A. Configuration 1
Configuration 1 (Fig. 4) is taken from Ref. 9 for which experi-
mental results are available. The repeatability of the experimental
data is reported to be within 1% over the test angle-of-attack range.
The predicted normal force and pitching moment coefficients are
shown in Fig. 5 along with experimental results for Mach number
image element
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Fig. 3 Carryover force on body due to fin.

of 2.5 and Reynolds number of 1.2 x 10° based on body diameter.
The predicted values are in good agreement with the experimental
data, and the deviation is within 10% of the experimental values. The
individual grid-fin characteristics are shown in Fig. 6 along with the
experimental data. The comparison shows that the predicted values
are in good agreement with experiment. It can also be seen that the
leeward fin normal force is negative at higher angles of attack, and
this trend has also been predicted very well. The predicted axial force
coefficient is compared with the experimental values in Fig. 7. The
comparison is good, and the maximum deviation is less than 10%.

B. Configuration 2

Configuration 2 (Fig. 8) is taken from Ref. 10 for which experi-
mental results are available. The quoted accuracy of the fin balance
used for the experiment is 2.5% of the rated loads. However, the
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Fig. 5 Predicted overall normal force and pitching moment coefficient
compared with experiment (Ref. 9), Mach number 2.5 and Reynolds
number 1.2 x 10°, configuration 1.
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repeatability is within 1% of the rated loads. The predicted nor-
mal force coefficient of the horizontal fin is shown in Fig. 9 along
with experimental results for Mach numbers of 1.8, 2.5, and 3.5
and test Reynolds numbers of 2.3 x 10°, 3.0 x 10°% and 4.7 x 10,
respectively. The predicted values are in good agreement with the
experimental data for Mach numbers of 2.5 and 3.5. However, for
Mach number 1.8, the theory overpredicts by around 30% for angles
of attack above 7.5 deg. The higher deviation may be due to strong
interaction between the shock wave and expansion at low supersonic
Mach numbers and shock reflection from the opposite webs.

Fin normal force coefficient with deflection of —15 deg is com-
pared with experimental data in Fig. 10 for Mach numbers 1.8 and
3.5. The comparison for Mach number 1.8 is good for positive an-
gles attack, and the deviation of prediction from experimental data
is high for negative angle of attack. The reason for higher deviation
for negative angle of attack is probably due to higher effective an-
gle of attack, which causes shock detachment and reflection from
the opposite sides. The comparison of prediction with experiment
at Mach number 3.5 is good for both positive and negative angles
of attack. The better comparison at Mach number of 3.5 is due to
attached shock and lower shock angle. At Mach number 3.5, the
normal force increment due to surface deflection increases with de-
crease in angle of attack due to higher effective angle of attack. As
the effective angle of attack increases, the pressure after the oblique
shock increases nonlinearly, causing a higher increment in the neg-
ative angle of attack.

The comparison of predicted axial force coefficient with
experiment?! is shown in Fig. 11. The reported repeatability accu-
racy of axial force measurement is 0.1 1b (0.45 N), which is around
1.0% of the measured axial force. The axial force coefficient re-
duces with Mach number, as expected. The predicted axial force
coefficient is less than the experimental data, and the difference is
less than 10%.
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Fig. 7 Predicted overall axial force coefficient compared with experi-
ment (Ref. 9), Mach number 2.5 and Reynolds number 1.2 X 109, con-
figuration 1.

C. Configuration 3

Configuration 3 (Fig. 12), for which experimental results are
available, is also taken from Ref. 10. The predicted normal force
coefficient of the horizontal fin is shown in Fig. 13, along with exper-
imental results for Mach numbers of 1.8, 2.5, and 3.5. The predicted
values are in good agreement with the experimental data for Mach
numbers 2.5 and 3.5. However, for Mach number 1.8, the theory
overpredicts by around 15% for angles of attack above 7.5 deg.
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Fig. 9 Predicted horizontal fin normal force coefficient compared with
experiment (Ref. 10), configuration 2.
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The fin normal force coefficient with deflection of —15 deg is
compared with experimental data in Fig. 14 for Mach numbers 1.8
and 3.5. The comparison for Mach number 1.8 is good for positive
angles attack, and the deviation of the prediction from experimental
data is high for negative angle of attack. The reason for higher
deviation in negative angle of attack is due to higher effective angle
of attack and shock detachment and reflection from the opposite
sides. The comparison is good for Mach number 3.5 for positive
and negative angles of attack. The increment in fin normal force
coefficient due to surface deflection is higher at higher negative
angles of attack due to higher effective angle of attack and associated
nonlinearity as explained for configuration 2.

The reason for better comparison for configuration 3 as com-
pared to configuration 2 is probably due to less grid density and low
interference of the adjacent web in configuration 3.

D. Effect of Roll Orientation

Most of the experimental data on grid fin configuration available
in the literature are generated for cruciform (4) configuration only,
and hence, the roll orientation effect could not be validated. The
effect of roll orientation has been studied for configuration 1. The
overall normal force and pitching moment with angle of attack are
shown in Fig. 15 for roll orientation of 0, 22.5, and 45 deg. The roll
orientation of 45 deg (x configuration) yields around 10% higher
normal force and pitching moment compared to roll orientation O (+
configuration). The lateral aerodynamic coefficients at roll angles
of 0 and 45 deg are zero due to pitch plane symmetry. The induced
lateral characteristics, Cs, C,, and C;, for a roll angle of 22.5 deg
are shown in Fig. 16. The values of Cg, C,,, and C; are zero up to an
angle of attack of 4 deg, because the body vortex separation starts
around 5 deg. The side force and yawing moment coefficients are
within 5% of the corresponding normal force and pitching moment
coefficients. The values of Cs, C,,, and C; increase up to an angle of
attack of 16 deg and reduces on further increase in angle of attack.
This trend is due to relative position of separated body vortex with
respect to the fin location.

The fin normal force with roll position is shown in Fig. 17 for
different angles of attack. The fin normal force coefficient is high
and nearly constant for roll angles from —20 to +40 deg. The
normal force on the windward side fin is about 50% of the side
fins. The normal force on the leeward side fin is very small com-
pared to the windward side and even negative for higher angles of
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Fig. 11 Predicted axial force coefficient compared with experiment
(Ref. 21) for configuration 2.

attack. The induced side force coefficient of the fin with roll position
is shown in Fig. 18. The fin side force is nonzero for zero roll an-
gle due to asymmetry of the flow about yaw plane and separated
body vortex effect. The maximum side force is observed near a roll
orientation of —45 deg (windward side). The side force increases
with increase in angle of attack on the windward side. However, the
variation is not systematic in the leeward side due to the effect of
separated body vortices.
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Fig. 13 Predicted horizontal fin normal force coefficient compared
with experiment, configuration 3.
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IV. Conclusions

A prediction code for the estimation of aerodynamic character-
istics of grid-fin configurations without and with fin deflection at
angles of attack has been developed. This code can predict the grid-
fin characteristics at arbitrary roll orientations. The method is based
on shock-expansion theory. The effect of body and body vortices are
modeled. The predicted characteristics are compared with available
experimental results and the comparison demonstrated the following
conclusions:

1) Overall normal force and pitching moment comparison is good.

2) Individual grid-fin characteristics are also predicted well in all
of the cases, except for the case of high grid density in low supersonic
speeds.

3) The leeward fin characteristics are also predicted well because
of the modeling of the separated body vortices.

4) Prediction of fin deflection characteristics is also good for
higher Mach numbers. For lower supersonic Mach numbers, the
deviation is greater due to high effective angle of attack leading to
shock detachment and shock reflection from opposite side webs.

5) More detailed interaction between the shock waves and expan-
sion fans are to be taken into account to improve the accuracy of
prediction, especially at lower supersonic Mach numbers and higher
effective angles of attack.

6) The effect of roll orientation could not be validated due to
lack of experimental data. However, the roll orientation effect is
brought out in this study. The induced lateral characteristics are
also predicted and presented.
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