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Fin-Planform Effects on Lift and Center of Pressure for

Supersonic Missiles

H. F. Nelson* and M. V. Talpallikar{
University of Missouri-Rolla, Rolla, Missouri 65401

The missile fin-body interference factor K (s) (ratio of the normal force on a fin in presence of the missile
body to the normal force on the isolated fin) is an important factor in the equivalent angle-of-attack preliminary
design method. A finite volume Euler code, ZEUS, is used to numerically determine the fin forces as a function
of fin trailing-edge sweep for 2-, 3-, 4-, 5-, and 6-fin missile configurations at small angles of attack. The fin
forces are used to evaluate Kyp) as a function of fin span to body radius ratio at Mach numbers from 2.5 to
§ at various fin aspect ratios. The movement of center of pressure with changes in trailing-edge sweep and Mach
number is also evaluated. Ky (p) and center of pressure values for the 2-, 3-, and 4-fin configurations agree with
slender-body theory analytical solutions; however, the Ku/z) predictions for the 5- and 6-fin missiles break away
from slender-body theory as the fin span increases. The fin span at which breakaway occurs is shown to be
related to the position at which shock and expansion waves originating from the adjacent fins strike the fin of
interest; consequently, it is a function of number of fins and Mach number. In some cases the shock and
expansion wave interaction cause Kw(g) to be <1, which indicates a reduction in fin lift due to interference.

Tables for Kp+g) and the center of pressure are presented for use in preliminary design.

Nomenclature
AR = aspect ratio of wing formed by joining two fins
Aw = area of wing formed by twe fins joined at root
chord
CP = center of pressure
Kz = fin-body interference factor due to upwash
K, = fin-fin interference factor due to sideslip
Ly = lift of wing alone
Ly = lift of the wing in the presence of body
M, = freestream Mach number
P = pressure
o = freestream dynamic pressure
R = missile fuselage radius
S = fin span, measured from body centerline
S/R = ratio of fin span to body radius
X, ¥, 2 = axes; origin at missile nose
Ycp = fin radial CP position (see Fig. 1)
YND =ycp/R
ZLE = fin root-chord leading-edge axial position
Zcp = fin axial CP position (see Fig. 1)
ZND = nondimensional fin CP axial position =
(zcp — ZLE)/R
z/R = ratio of z location to fuselage radius
o = missile angle of attack
Oeq = equivalent angle of attack
aF = fin angle of attack
8 = missile sideslip angle
Br = fin sideslip angle
(Aaey)y = induced change in « due to vortices
€ = fin leading-edge semivertex angle
T = fin trailing-edge semivertex angle
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Introduction

RELIMINARY design and performance estimation of

missile configurations requires rapid, accurate methods
to predict the effects of 1) aerodynamic coupling between the
missile body and the fins and 2) shock and expansion wave
interactions between adjacent fins on the fin forces and mo--
ments. These methods are especially important for tradeoff
studies in preliminary and conceptual design. Two different
numerical approaches can be employed to calculate missile
aerodynamic characteristics: computational fluid dynamics or
approximate codes using empirical and analytical methods.
Computational fluid dynamics solves the complete set of flow-
field equations for general freestream conditions and body
shapes. These solutions, typically obtained using the Euler or
Navier-Stokes equations, are more accurate than the empirical
methods; however, they are difficult to obtain and are com-
puter intensive. These difficulties preclude their general use in
preliminary design where rapid design tools are needed.

The empirical approach employs approximate linear and
nonlinear analyses as well as experimental data. Considerable
research is still needed to improve and extend these prediction
tools, especially in the areas of improved accuracy, extended
scope of applicability, ease of use, and robustness. Two dis-
tinct techniques comprise the bulk of this approach; namely,
component buildup methods and paneling methods.!

Currently, many preliminary design correlations are based
on component buildup methods. These methods predict the
aerodynamic characteristics of the total airframe by summing
up the aerodynamic characteristics of the major airframe com-
ponents in isolation (e.g., body, wing, tail, etc.) and then
adding to those sums the loads produced by component inter-
ference. For tactical missile designs the interference effects are
often first order and nonlinear. The key to component buildup
methods is to adequately estimate the interference effects.
Slender-body theory has been used in the past.? In the current
research the Euler equations are used.

Equivalent Angle of Attack

Component buildup techniques are most easily applied us-
ing the equivalent angle-of-attack method.>® This method
predicts the nonlinear lifting characteristics of missile fins in
terms of the equivalent angle of attack and it incorporates
complicated aerodynamic nonlinearities in terms of interfer-
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ence factors. The interference factors are multiplied by the
fin-alone forces to give the force on the fin in the presence of
the body. The equivalent angle of attack is defined as

aeq = KW(B)OlF + 4K¢(XF6F/AR + (AO{eq)V (1)

in terms of interference factors K and Ky There are three
separate contributions to the calculation of the missile normal-
force coefficient: 1) the fin-body carryover interference factor
Kw, 2) the influence of combined angle of attack and
sideslip angle K,; and 3) the influence of external vortices
(Aceq)y. The equivalent angle-of-attack method is derived and
its accuracy is demonstrated in Ref. 3. Extensions of the
method to high angles of attack are discussed in Refs. 4 and 5.

Kw is the ratio of lift produced by a fin in presence of the
body to the lift produced by the fin alone.® K, is the ratio of
the change in the normal force on a fin, in the presence of the
body and other fins, caused by the change in sideslip angle to
the normal force on the fin alone. The third term represents
the effect of vortex interactions. It can be very important for
two finned-section missiles, where the forward fin section
causes vortical interference on the tail fins. This term is negli-
gible for missiles with a single finned section at small angles of
attack.!0-11 _ )

The objective of this research is to determine the effect of
planform shape on 1) Ky and 2) planform center of pressure
(CP) for supersonic missiles in cruise configurations. Ky g, is
defined as

Kwwg = Lwg/Lw 2

When Ky >1, the fin-body combination increases the lift
produced by the fin relative to the fin-alone case. If Ky <1,
the presence of the body reduces the lift produced by the fin
compared to the fin-alone case.

This is the fifth paper in a series of papers from the Univer-
sity of Missouri-Rolla dealing with component buildup meth-
ods using the equivalent angle-of-attack method for super-
sonic missiles. Numerical solutions of the Euler equations
have been used to explore the variation of both Ky s and
K,.%121% Jenn and Nelson® used a finite difference Euler code
(SWINT) to determine K, for use in preliminary design of 2-,
3-, 4-, and 6-fin missiles for supersonic cruise at Mach num-
bers from 2.5 to 3.5, for positive and negative sideslip angles,
and for aspect ratios from 3.2 to 4. SWINT was also used to
investigate the effect of fin vertical position on Ky for
delta-fin missiles.!? The Kyqs data were fit to an empirical
formula for easy use in preliminary design. Nelson!® used
SWINT to evaluate Ky g for missiles with elliptical cross-sec-
tion fuselages. He developed simple equations for Ky, as a
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Fig. 1 Missile and fin configuration.

function of S/R and fuselage ellipticity for use in preliminary
design. Talpallikar and Nelson'# used a simple panel linearized
potential theory (LPT) method to investigate Kz for super-
sonic missiles as a function of several parameters, including
S/R, €, 1, fuselage ellipticity and vertical position on the
fuselage.

NASA has recently completed an extensive and systematic
experimental program (Triservice-NASA experimental pro-
gram!'516) to generate an aerodynamic data base to be used by
missile designers. Nielsen!? correlated some of the Triservice-
NASA experimental aecrodynamic data to generate useful ex-
pressions for Kz for preliminary design. These data are also
valuable for diagnostic test cases for developing and evaluat-
ing computational methods.

Computational Analysis

The present research used the zonal Euler solver (ZEUS)
code to solve the steady flow Euler equations using a finite-
volume, predictor corrector, second-order accurate, spatial-
marching approach. The predictor step advances the primitive
variables using Euler’s equations and the corrector step uses a
modified second-order extension of Godunov’s scheme which
is based on the Riemann problem.!#-2! The Riemann problem
represents the intersection of two two-dimensional supersonic
streams. At the point of intersection, shock or expansion
waves form which turn both streams to a common direction so
that the pressure is the same in both streams. The resulting
solutions feature constant properties along any line passing
through the intersection point. The two final streams may
have different densities and velocities, so a slipline usually
forms between them.

The steady-state Euler equations are hyperbolic for super-
sonic flow. This permits marching solutions beginning from
an initial data plane at the nose of the missile. To start the
numerical method the bow-shock shape at the missile nose is
calculated assuming a conical nose. ZEUS calculates the flow-
field by marching from the initial data plane down the axis of
the body; however, this marching procedure is valid only if the
flow is supersonic everywhere.!3 7 )

At a specific value of z, a grid in the crossflow plane (r-¢
plane) is generated across the shock layer from the missile
body to the bow shock. The grid is formed by dividing the
crossflow plane into several zones. In the current application,
zone boundaries were required to coincide with the body, the
fin surfaces, and the bow shock. A coarse grid was used.
between the missile nose and the fin leading edge. A fine grid
was used to calculate the flowfield over the fins. This ap-
proach optimized computer run time and increased the solu-
tion accuracy.

20 T T T T

w Mg =30
a =3.0deg.

0.5 I 1 L 1
' Z/R

Fig. 2 Body-pressure distribution Me = 3, a = 3 deg.
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Fig. 3 Kw(p vs fin span, M, = 2.5, four fins, o = 3 deg.

ZEUS calculates the fin surface-pressure distribution and
integrates it over the fin surfaces to obtain fin forces Ly g.
ZEUS fin-force predictions agree well with experimental data
and other numerical results for a wide variety of missile con-
figurations and flight conditions.!®22-2%6

The missile geometry used for this analysis had a conical
nosecone with a length-to-radius ratio of 6 and a cylindrical
body as shown in Fig. 1. Missiles with 2, 3, 4, S, and 6
infinitely thin flat-plate fins spaced equally around the body
circumference were analyzed. The fins were placed so that at
least one fin was horizontal. Ky g and CP were determined
using the horizontal fin. The analysis assumes that the fins
have supersonic leading edges, zero taper ratio, and, in gen-
eral, swept trailing edges.

Fuselage Pressure

For this research it was important that the fin forces be
independent of the shape of the nosecone and the pressure
drop across the expansion fan at the nosecone-body junction;
consequently, the fins were located at an axial distance far
enough downstream from the missile nose so that the body
pressure was constant. Figure 2 shows the leeward (L), side
(S), and windward (W) surface-pressure ratios along the mis-
sile body at Mach 3. When the fins are far from the nosecone,
the numerical calculations necessary to march along the body
to the fin position become time consuming. Analysis of body-
pressure distributions like those in Fig. 2 showed that the
effects of the expansion fan from the nosecone-body junction
are negligible for z/R values >22. Thus, the leading edge of
the fin root chord was located at z/R = 22 for this research.

Wing-Alone Lift

K, is determined by dividing Ly by the fin-alone lift, as
shown in Eq. (2). ZEUS could be used to determine Ly by
computing the normal force on a wing planform composed of
the two fins joined together at their root chords. This proce-
dure would be cumbersome and hard to implement. Thus, Ly
was calculated from linearized supersonic theory as was done
in Refs. 8, 12, and 13. For fins with supersonic leading edges,
Ly is given by

Ly = 4oguAw/NMZL - 1) ©))

Missiles with large values of S/R were investigated to check
the ZEUS predictions with LPT. As S/R became large, Ly g
predicted: by ZEUS approached Ly predicted by Eq. (3). Ly
from Eq. (3) was also compared with values predicted using
Missile-Datcom methods.?” The agreement was within 2% for
the range of parameters considered herein. Thus, Eq. (3) was
used to determine L for of all the cases reported herein, since
fins with subsonic leading edges were not considered.
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Fig. 4 Kwip) vs fin span, 7 = 120 deg, o = 3 deg.

Results and Discussion

According to slender body theory (SBT), Kz, is a function
of fin span alone. The nonlinearity of the Euler equations
suggests that Ky should be sensitive to additional parame-
ters, such as M, and o. Trailing-edge sweep and leading-edge
sweep may also influence the fin forces and Kyyp. Results
presented here primarily focus on the effects of S/R, Mo, 7
and the number of fins on Kyyg), and the fin CP location.

Missiles usually have smaller fin spans than aircraft. A
survey of fin span to body radius ratio for missiles (using
information from Ref. 28) showed that most missiles have
S/R values between 3 and 4. In the present work S/R was
varied from 1 to 6.

The ZEUS calculations were kept as simple as possible.
Mesh clustering and radial zoning were not used although
ZEUS has this capability. The flowfield was determined for
the entire 360 deg around the missile for missiles with three
and five fins, because of lack of pitch-plane symmetry. For the
2-, 4-, and 6-fin configurations, which have pitch-plane sym-
metry, the flowfield solution was obtained for 180 deg around
the missile. A simple 18 X 24 grid (¢ X r) with a single zone
was used between the missile nose tip and z/R = 20. At 2/R
= 20 the (¢ x r) grid was refined and zones were formed so
that the fins were located at the zone edges. A 36 X 36 grid
(¢ X r) was used for the 2-, 4-, and 6-fin configurations, a
72 x 36 grid for the 3-fin case and a 60 X 36 grid for the 5-fin
case. Numerical results were obtained for angles of attack
from 2 to 4 deg. In this range, both Ly and Ly vary linearly
with angle of attack, so the effect of changing angle of attack
on Kyg, is negligible.

Grid sensitivity checks were made in Ref. 29 and the grid-
ding used was a good compromise between numerical accu-
racy and computational run time. Numerical accuracy was
hard to maintain for S/R <1.75, because when the fin span
was small compared to the distance between the body and the
bow shock the number of grid points on the fin became small.
Accuracy was improved by increasing the grid density and
reducing the Courant-Fredrichs-Lewy number. Also, the
curves for Ky g for 1 = S/R = <1.75 were required to match
SBT at S/R = 1. This assumption is acceptable because the
fin-fin interference goes to zero as the fins become small® and
SBT becomes accurate. SBT predicts that Kyg =2 at S/
R =1, and that Ky goes to 1 as S/R becomes very large.®

All computations were made using the IBM 4381 computer
at the University of Missouri-Rolla. CPU times of upto 2 h
were required for complete flowfield solutions over the entire
missile.

Flight Conditions

Cruise flight conditions were investigated in this research.
The nominal case was M., = 3, o = 3 deg, ¢ = 38.66 deg, and
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7 = 90 deg. This combination of ¢ and 7 yields an aspect ratio
of 3.2. The effect of changing the various parameters on Kz
and CP was obtained by changing one parameter at a time
from its nominal value.

2-, 3-, and 4-Fin Configurations

The fins are assumed to be infinitely thin, triangular flat
plates; consequently, the effects of shock and expansion waves
for missiles with four or fewer fins are not important. The
trend in values of Ky from the ZEUS solutions are identical
to the trends in Kyg, predicted by SBT and LPT. Figure 3
shows the variation of Kyg with S/R for 7 = 60, 90, and 120
deg at Mach 2.5. Ky decreases as 7 increases for a given
value of S/R (fixed fin span). At a given S/R, the change in
Kpg with a change in 7 is significantly greater when S/R is

large.

Figure 4 shows the effect of M, on Kyg for 7 = 120 deg.
K, increases as M., increases for a given value of S/R.
Figures 3 and 4 show data for 4-fin missile configurations. The
2- and 3-fin results are similar, because shock and expansion
waves do not affect Lj,g, and CP for these fin configurations
at small @ and zero roll. Roll orientation of the fins influences
the fin-fin shock and expansion wave interaction, especially at
high angles of attack. These effects may be important for
missiles with 3- and 4-fin configurations, but they have not
been addressed herein.
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Fig. 5 Fin leeward-pressure distribution for M, =3, o =3 deg at
several y/R locations; P/Ps scale shifted for each set of data.
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Fig. 6 Fin windward-pressure distribution for Mo = 3, a = 3 deg at
several y/R locations; P/Po scale shifted for each set of data.
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Fig. 7 Fin leeward-pressure distribution for Mo =5, a =3 deg at
several ¥ /R locations; P/P. scale shifted for each set of data.
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Fig. 8 Fin windward-pressure distribution for Mo =5, o = 3 deg at
several y/R locations; P/Po scale shifted for each set of data.

5- and 6-Fin Configurations

SBT predicts that Kp g, is independent of the number of
fins because it does not allow for fin-fin interference due to
shock and expansion waves. For missile configurations with
five or six fins, the interaction of shock and expansion waves
from the leading edge of neighboring fins becomes very im-
portant. Fin surface pressure distributions were examined to
determine the position where the shock and expansion waves
strike the fin planform. Their position is indicated by the
distinct change in pressure on the surface of the fin. Leeward
and windward fin surface-pressure for 4-, 5-, and 6-fin mis-
siles (M, =3, a=3 deg) is shown as a function of axial
location for five radial locations (¥/R) in Figs. 5 and 6. The
origin of the P/P,, scale is shifted upward by one unit for each
of the five radial locations to separate the curves. The fin
leading and trailing edge are indicated by the almost vertical
jumps in pressure (due to shock or expansion waves from the
fin of interest).

As the number of fins increases the fins become more
closely placed around the fuselage and the effect of shock and
expansion waves increases. The waves from the neighboring
fins intersect the planform closer to the leading edge. This is
illustrated in Figs. 5 and 6 for the fin leeward and windward
surfaces, respectively. The axial position where the shock or
the expansion waves from the neighboring fin intersect the fin
planform is different for the 5- and 6-fin case. The position
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Fig. 10 Ky@p vs S/R, My, = 3, o = 3 deg for four, five, and six fins.

where the pressure for the 5-fin case breaks away from that of
the 4-fin case is denoted by the vertical line labeled 4-5 and and
the position where the pressure of the 6-fin case breaks away
from the 4-fin case is denoted by the line labeled 4-6. The 6-fin
breakaway point is always forward of the 5-fin breakaway
point.

Figures 7 and 8 show fin surface-pressure dlstrlbutlons at
Mach 5 and o = 3 deg for 7= 120 deg. Notice that the 5- and
6-fin breakaway points. move aft on the fin as the Mach
number increases from 3 to 5..because the neighboring fin
shock and expansion wave angles decrease. Figures 5-8 clearly
show the pressure jumps due to shock and expansion waves
attached to the fin leading and trailing edge and demonstrate
some salient features of the shock-wave and expansion-wave
interactions: 1) Oblique shock and expansion waves from the
leading edge of the neighboring fin usually interact with the
fin planform at an axial location far behind the fin leading
edge and this distance increases as M, increases. 2) Shock-
wave and expansion-wave interactions are restricted to an area
near the trailing edge and near the wing root. Thus, they are
not important for fins with small values of 7 (r < 60 deg),

because these fins have small root chords. 3) Fin-fin interac--

tions become smaller as the Mach number increases because
the breakaway point moves aft and finally behind the fin
trailing edge. In other words, the fin planform area influenced
by the shock and expansion waves from the neighboring fins
decreases as M., increases. This occurs because the shock and
expansion wave angles decrease, so that the waves remain
closer to the fin they emanate from.

Interference Factor Ky

The pressure distributions were integrated over the fin plan-
form to obtain Ly and, in turn, Ky . Figure 9 shows the
effect of shock and expansion waves on Ky g for M, = 2.5,
o =3 deg, and 7 = 60, 90, and 120 deg for 4-, 5-, and 6-fin
missiles. The 4-fin data are exactly the same as was shown in
Fig. 3. Figures 10-12 show similar data but at M, =3, 4, and
5, respectively. The Kyg breakaway points for the 5- and
6-fin cases are related to the pressure breakaway points shown
previously in Figs. 5-8. The fin-fin shock-wave and expan-
sion-wave interaction effects on Ky, are negligible at small
values of S/R (small fin spans) and for all fin configurations
with small 7 values (e.g., 7 = 60 deg). This is why LPT and
SBT predict accurate values for Kyg for S/R < 2. Table 1
presents numerical values for Ky as a function of S/R, M.,
7, and the number of fins. This data can be used in preliminary
design for undeflected thin fins with supersonic leading edges
at low angles of attack.

Kwg becomes <1 for large trailing-edge semlvertex angles
(7 = 120 deg) and small Mach numbers (M, = 2.5) indicating
negative interference (Figs. 9 and 10). This occurs because the
shock from the neighboring leeside fin increases the pressure
on the leeside of the fin of interest whereas the expansion wave
from the neighboring windward fin reduces the surface pres-
sure on the windward surface of the fin of interest. These two
effects combine to reduce the lift of the fin of interest and, in
turn, cause Ky to become <1.
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Fig. 11 Kw® vs S/R, M = 4, a = 3 deg for four, five, and six fins.
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Fig. 12 Kwp vs S/R, My = 5, a = 3 deg for four, five, and six fins.
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Table 1 Values of K, ¢ = 38.66 deg, o = 3 deg

S/R

Mo 7, deg- Fins 2.0 3.0 4.0 4.5 5.0 5.5 6.0

2.5 60 4 1.484 1.408 1.348 1.322 1.299 1.280 1.262

2.5 60 5 1.484 1.408 1.348 1.322 1.296 1.273  1.253

2.5 60 6 1.484 1.408 1.348 1.316 1.286 1.258 1.233

2.5 90 4 1.415 1.315 1.243 1.214 1.189 1.167 1.148

2.5 90 5 1.415 1.313 1.224 1.186 1.152 1,122 1.096

2.5 90 6 1.415 1.297 1.184 1.136 1.094 1.058 1.026

2.5 120 4 1.368 1.237 1.160 1.130 1.106 1.085 1.067

2.5 120 5 1.368 1.216 1.112 1.074 1.043 1.016 0.994

2.5 120 6 1.368 1.177 1.044  0.997 0.959  0.928 0.901

3.0 60 4 1.560 1.447 1.370 1.340 1.314 1.292  1.273

3.0 60 5 1.560 1.447 1.370 1.340 1.312 1.289 1.269

3.0 60 6 1.560 1.447 1.370 1.340 1.311 1.285 1.263

3.0 90 4 1.500 1.370 1.287 1.255 1.229 1.206 1.186

3.0 90 5 1.500 1.370 1.287 1.244 1.209 1.178 1.151

3.0 - 90 6 1.500 1.370 1.269 1.217 1.170 1.129 1.092

3.0 120 4 1.455 1.314 1.215 1.190 1.160 1.135 1.114

3.0 120 5 1.455 1.303 1.200 1.152 1.111 1.076 1.048

3.0 120 6 1.455  1.295 1.165 1.090 1.020 0971 0.942

4.0 60 4-5-6 1.606 1.477 1.391 1.358 1.331 1.307 1.287

4.0 90 4 1.575 1.434 1.341 1.305 1.275 1.250 1.228

4.0 90 5 1.575 1.434 1.341 1.302 1.269 1.239 1.214

4.0 90 6 1.575 1.434 1.337 1.292 1.253 1.218 1.188

4.0 120 4 1.539 1.392 1.296 1.259 1.228 1.202 1.179

4.0 120 5 1.539 1.392 1.290 1.244 1.204 1.168 1.137

4.0 120 6 1.539 1.392 1.260 1.204 1.155 1111 1.073

5.0 60 4-5-6 1.579 1.458 1.375 1.343 1.315 1.292  1.271

5.0 90 4-5 1.559 1.428 1.342 1.309 1.281 1.257 1.236

5.0 90 6 1.559 1.428 1.342 1.309 1.281 1.249 1.222

5.0 120 4 1.538 1.408 1.317 1.282 1.251 1.225  1.202

5.0 120 5 1.538 1.408 1.315 1.279 1.240 1.209 '1.181

5.0 120 6 1.538 1.408 1.307 1.256 1.211 1.172  1.137

Table 2 - Center of pressure locations, ¢ = 38.66 deg, « = 3 deg
) S/R

2.0 3.0 4.0 5.0 6.0
Mo 7,deg Fins zZnp yND ZND JND ZND  YND ZND YND ZND__ YND
2.5 60 4 0.640 1.350 1.277 1.684 1.907 2.020 2.540 2.360 3.175 2.705
2.5 60 5 0.640 1.350 1.277 1.684 1.907 2.020 2.537 2.356 3.172 2.705
2.5 60 6 0.640 1.350 1.277 1.684 1.907 2.020 2.451 2:.368 3.175 2.735
2.5 90 4 0.821 1.356 1.630 1.704 2.441 2.062 3.245 2.420 4.056 2.790
2.5 90 5 0.821 1.356 1.630 1.704 2.422 2.065 3.215 2.448 4.006 2.840
2.5 90 6 0.821 1.356 1.627 1.708 2.407 2.092 3.170 2.500 3.956 2.910
2.5 120 4 0.996 1.363 1.970 1.722 2,933 2.089 3.889 2.460 4.861 2.840
2.5 120 S 099 1.363 1.955 1.726 2.873 2.116 3.794 2.516 4.760 2.905
2.5 120 6 0.996 1.363 1.922 1.742 2790 2.161 3.713 2.572 4.696 2.965
4.0 60 4-5-6 0.627 1.325 1.239 1.628 1.850 1.933 2.467 2.244 3.084 2.560
4.0 90 4 0.817 1.330 1.622 1.644 2.426 1.963 3.230 2.292 4.037 2.620
4.0 90 5 0.817 1.330 1.622 1.644 2.426 1.963 3.225 2.292 4.019 2.630
4.0 90 6 0.817 1.330 1.622 1.644 2.426 1.966 3.215 2.304 3.994 2.665
4.0 120 4 1.005 1.335 1.995 1.660 2.977 1.993 3.954 2.332 4.934 2.680
4.0 120 5 1.005 1.335 1.992 1.660 2.966 1.996 3.911 2.352 4.852 2.720
4.0 120 6 1.005 1.335 1,992 1.662 2.933 2.011 3.830 2.392 4.733 2.790
5.0 60 4-5-6 0.625 1.321 1.236 1.621 1.845 1.921 2.454 2222 3.066 2.528
5.0 90 4-5 0.817 1.323 1.630 1.633 2.434 1.942 3.233 2253 4.043 2.572
5.0 90 6 0.817 1.323 1.630 1.633 2.434 1942 3.233 2.260 4.028 2.590
5.0 120 4 1.010 1.328 2.009 1.644 2.990 1.964 3.937 2.288 4.974 2.619
5.0 120 5 1.010 1.328 2.009 1.644 2.990 1.964 3.971 2.295 4.929 2.641
5.0 120 6 1.010 1.328 2.009 1.970 3.924 2.317 4.838 2.688

1.644 2.985
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Fin Center of Pressure

Figures 13-15 show the loci of center of pressure for fins
with 7 = 60, 90, and 120 deg at o = 3 deg for M, = 2.5, 4, and
5, respectively. Each figure shows data for missiles with 4, 5,
and 6 fins. The symbols along the curves represent a specific
value of S/R. The ordinate of the figures is ycp/R, where ycp
is the radial distance from the center of the missile to the CP
measured perpendicular to the fuselage centerliné;. The ab-
scissa is the distance from the missile nose to the CP position
divided by the missile radius. Recall that z;g = 22R, 50 (zcp/
R — 22) is the nondimensional axial distance of the CP behind
the leading edge of the fin-root chord. The éffect of shock and
expansion waves on the position of the center of pressure. is
shown by the difference between the 4-fin and the 5- or 6-fin
curves. Recall that the shock and the expansion waves do not
influence the 4-fin missile fin forces and moments at small .
Generally, CP moves radlally outward and- axially forward
due to shock and expansmn waves from the nexghbormg fins
as the iumber of fins increases from four to six at-a specific
The effect of changing M, on the CP is obtained by com-
paring Figs. 13-15. Generally, CP moves radially inward and
axially rearward as the M., increases for 5- and 6-fin missiles.

In general, for a fixed fin size (S/R) the center of pressure
moves axially forward and radially outward as the number of
fins increases. Increasing 7 while holding M., and S/R con-
stant ténds to move the CP aft and slightly outward. These
rather small movements in the fin CP location may be very

Fig. 13 Fin CP location for M = 2.5, a = 3 deg, 7 = 60, 90, and 120
deg for 4-, 5-, and 6-fin missiles.
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Fig. 14 Fin CP location for My, = 4, & = 3 deg, 7 = 60, 90, and 120
deg for 4-, 5-, and 6-fin missiles. . :
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Fig. 15 Fin CP location for Mo, = S,a= 3 deg, 7 = 60, 90, and 120
deg for 4-, 5- and 6-fin missiles.

important for stability and control. As M., increases from 2.5
to 5, the CP location moves as much as 2% forward for the
6-fin case for 7= 90 deg and moves up to 4% forward for
+ =120 deg. Fin CP locations for Mach 2.5, 4, and 5 for 7 =
60, 90, and 120 deg are tabulated in Table 2 for use in prelim-
inary design for undeflected thm fins with supersonic leading
edges at low angles of attack.

Conclusions

Values of Kyg and CP for supersonic missiles with 2-, 3-,
4-, 5-, and 6-fin configurations have been determined for
values of S/R ranging from 1 to 6 as a function of M, and 7
using an Euler solver, ZEUS. Ky and CP are sensitive to
S/R and 7 in agreement with SBT. However, SBT and LPT
ignore the fin-fin interference effects dué to shock and expan-
siori waves, s0 Ky and CP results for 5- and 6-fin configura-
tions are significantly different from SBT and LPT predic-
tions. The fin Ky/p) value and CP location must be accurately
known for fin hinge-moment predictions.

Fin pressure distributions are analyzed to study fin-fin inter-
ference due to shock and expansion waves. The values of S/R
where 5- and 6-fin values of Ky, break away from the 4-fin
value are dlrectly related to the position at which the shock
and expansion waves originating from adjacent fins strike the
fin-planform. Shock and expansion waves have a negligible
effect on Ky and CP for small fins (S/R <3.5) and for fins
with 7 less than about 80 deg. For 6-fin missiles with large S/R
and large 7 the shock and expansion waves from the adjacent
fins cause Ky to become <1. This 1mphes that the fin-fin
interference actually decreases the lift or, in other words
produces destructive interference.

The expansion and shock waves from the adjacent fins also
affect the fin CP location. Increasing S/R moves CP rearward
and outward on the fin planform. For 5- and 6-fin missiles at
a specific S/R, CP usually moves inward and aft as M,
increases. This influencés both the pitching and rollmg mo-
ments of the missile. Also, locating the fin forward on the
missile body, close to the nosecone-body junction point, can
dramatically influence the value of Ky and CP due to the

. effect of expansion waves from the nosecone-body junction.

Tables are presented for Ky and CP as a function of S/R,
M., 7, and number of fins. They provide suffic-ient'informa-
tion to incorporate Ky and fin CP position into a prelimi-
nary or conceptual design tool which, when coupled with the
equivalent angle-of-attack method, will give improved predic-
tions for missile fin forces.

Future Ky and CP calculations should be extended to
nonconventional missile body cross-section shapes such as
squares or triangles and to high angles of attack. Also, the
magnitude of the hinge moments and the effects of flap deflec-
tion on the movement of the CP need to be evaluated:
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