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Aerodynamic Interference for Supersonic
Low-Aspect-Ratio Missiles

H. F. Nelson* and Brent W. Bossi®
University of Missouri—Rolla, Rolla, Missouri 65401

Interference factors Kwg), Kpw), and Ky are used in preliminary design in the equivalent-angle-of-attack
method. An Euler code is used to numerically evaluate Kw(g), Kp(w), and K for low-aspect-ratio, cruciform wing-
bodies with clipped delta fins for Mach numbers from 3 to 4 and angles of attack up to 20 deg. The ratios of fin
span to body radius (S/R) range from 1.3 to 2, so that aspect ratios vary from 0.05 to 4 and taper ratios vary
from 0 to 0.975. Euler results compare well with experimental data. At low angle of attack Kywg,) is of the order
of 1.5 for low-aspect-ratio fins. Kw(g) decreases as the angle of attack increases and can be less than 1 at large
angles of attack. Shock and expansion waves from the fin interact with the body and strongly influence Kg(w). The
afterbody length beyond the fin trailing edge also contributes to Kgw). As the aspect ratio decreases from 4 to
0.05, Kp(w, increases to a maximum value and then 1) decreases for small angles of attack and 2) remains fairly
constant for large angles of attack. K is calculated for sideslip angles of +3 deg. Euler predictions of K, are larger
than slender-body predictions, because of vortex effects. K is also influenced by shock and expansion waves from
adjacent fins. At small angles of attack K is larger for negative sideslip than it is for positive sideslip. At large
angles of attack K, becomes independent of the sign of sideslip angle.

Nomenclature
AR = aspect ratio of wing formed by joining two fins
Cyarr = linearized-potential-theory normal-force coefficient
(see Appendix)
Cy = wing-body normal-force coefficient
Cun,p = body-alone normal-force coefficient
Cnw = fin-alone normal-force coefficient
Cy.w = normal-force coefficient on fin in presence of body
Cn.pw) = increment in normal-force coefficient on body due to
n
Cnaw = normal-force curve slope for fin alone
c = root-chord length
C = tip-chord length
F32 = wing-body configuration of Ref. 15 (Z,/R = 4,
S/R=2,AR=0.5,and A =0.5)
F33 = wing-body configuration of Ref. 15 (Z,/R =4,
S/R=2,AR=0.5and A = 1.0)
Kpwy = incremental body—fin interference factor
Kws) = fin-body interference factor
K, = sideslip interference factor
Ly = body-alone lift
Ly = fin-alone lift
Lpw) = body lift in presence of fin
Ly = fin lift in presence of body
= freestream Mach number
R = body radius
S = fin span, measured from body centerline
z = wing-body axial coordinate
Za = afterbody length
ZgL = body length
Zyg = Z location of fin leading-edge
Z1g = Z location of fin trailing-edge
Zy = tangent ogive nose length
o = wing-body angle of attack, deg
Oeq = equivalent angle of attack
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B = wing-body sideslip angle (positive: wind in along
right fin), deg

ACN‘W = CN - CN,B; see Eq (11)

ALpgw), = incremental lift on the body in the presence of the fin
Aay = vortex contribution to ¢req

A = fin taper ratio

A = fin leading-edge sweep angle, 45 deg

¢ = fin roll angle (positive: right fin down), deg

Introduction

URRENT trends in missile design emphasize low-aspect-ratio

fins so that missile launchers can be smaller and available
launcher volume can be better used. Launch tubes are often grouped
together in a checkerboard fashion. Low-aspect-ratio missiles can
be efficiently stowed in a launch tube to save space and allow clus-
tering of a number of missiles. The ratio of fin span to body ra-
dius (§/R) of the cruciform missiles that fit into square launch
tubes is +/2. Typical S/R values of current missiles range from
2 to 4, so the fins must be folded to fit small launchers. This
adds mechanical complexity that is avoided with low-aspect-ratio
fins.

Very few aerodynamic data exist for low-aspect-ratio missiles.
Nielsen et al.! developed a method for calculating aerodynamic
characteristics of wing—bodies that includes limited low-aspect-ratio
data. Lucero®? developed empirical curves based on Morikawa’s*
interference factors to predict the normal-force coefficient for a vari-
ety of low-aspect-ratio wing—body configurations for Mach numbers
from 2.5 t0 7.7 and for & up to 20 deg. The wing—body configurations
were cruciform, generally in the 4 orientation. Lucero’s empirical
curves are used for preliminary design and have been added to Mis-
sile DATCOM?®; however, better nonempirical methods are needed
to improve and expand the database. Recently, an improved aero-
prediction code based on c, has been developed,®® which uses
interference factors Kw gy and Kpw, for pitch-plane calculations
for planar and cruciform fins.

The equivalent-angle-of-attack method®~!! is generally used in
conceptual and preliminary design. This method analyzes individual
missile components separately and then sums the results together
to find the total missile normal-force coefficient. The normal-force
coefficient for a wing—body configuration is

Cy =Cn,8+ Cnwe + Cn,awy @

Interference factors are used to account for the mutual interference
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between the missile components. They are included in the definition
of the equivalent angle of attack, which can be written as

4
Qg = Ky + KﬁK“’aﬁ 2)

where the terms on the right-hand side represent the effects from
body upwash and fin sideslip angle, respectively. Note that vortex
interaction affects are not considered. Cy, wg) and Cy, pow) are de-
fined in Ref. 10 as

Cy,ws) = Cnawleq 3)
and
K
Cwn.sowy = Kz/(:;; Cnawleq )]

in the linear angle-of-attack range. The objective of this research
is to evaluate the interference factors Kws), Kaaw), and Ky for
low-aspect-ratio missiles.

Interference Factors

Kw(g) takes account of body upwash effects on the fin and is
defined in Ref. 12 as the ratio of the lift of the fin in the presence of
the body to the fin-alone lift:

Lwg)
Ly

Kw = &)
When Ky gy is greater than 1, the body interference is constructive
in that the fin generates greater lift in the presence of the body than
when it is isolated.

KB(W) is defined in Ref. 12 as

ALpw)  Lpw)—Lsp
Ly Ly

K = (6)
where AL pw) is the incremental normal force on the body in the
‘presence of the fin. When K, is positive, the fin interference
produces a favorable effect on the body lift: the body and fin produce
greater lift than the body alone. Likewise, when K ) is negative
the fin interference is unfavorable.
K, is the ratio of the incremental change in fin lift due to sideslip
in the presence of the body and other fins to the fin-alone lift. Ata
specified «, K is defined in Ref. 12 as

K. — (Lw)pzo — (Lwsy)p=0 | AR
e Ly . 4B

where Ly s, is the normal force on the fin in the presence of the
body and the other fins. Note that K, was generated by sideslipping
the wing-body instead of rolling it in this research.

Kws)» Ksow), and K, data are used in preliminary and concep-
tual design because that allows the use of fin-alone data, which are
readily available, to quickly calculate lift in missile design tradeoff
studies. There are not many Kwg), K gw), and K data in the liter-
ature for low-aspect-ratio missiles. Nielsen'? developed theoretical
Kwsy, Kpowy, and Ky data using slender-body theory (SBT). The
SBT results are only a function of §/R; there is no dependence
on M, AR, or «. In addition to being irrotational and isentropic,
SBT is derived from linearized potential theory by assuming that
the axial-flow derivatives are negligible compared to the crossflow
derivatives. These assumptions limit SBT to small o and preclude
its modeling of vorticity, shock waves, and expansion waves. The
Euler equations model the flowfield much better than SBT, because
they are rotational and they model shock and expansion waves.

Experimental values for Ky g, and K ) have been developed
from the Triservice—-NASA Data Base!>-! for fins with aspect ratios
of 0.5, 1, and 2 at taper ratios of 0.0, 0.5, and 1 by Nielsen.”> Cruci-
form wing—bodies in the + orientation were considered at o from 0
to 40 deg and Mach numbers from 2.5 to 4.5. Moore et al.>~® have de-
veloped interference-factor data using this database. Spearman and
Trescott'® made measurements of lift for cruciform wing—bodies for
Mach numbers from 1.50 to 4.63. The fin planforms included both
delta and rectangular shapes, and some of the data are for low aspect
ratios.

9!

Jenn and Nelson!” performed a numerical analysis using the Euler
code SWINT to extend K5 beyond the limits of SBT for wing-body
configurations with two, three, four, and six delta fins and found
K, to be a function of M, AR, and « in addition to S/R. They
considered wing-bodies with §/R from 1 to 6 and AR from 2.4
to 4; however, they did not use grid clustering, so their numerical
results were inaccurate for S/R less than 2.5, because of the small
number of grid points on the fins. Instead, they used scaled values
of K4 from SBT for S/R less than 2.5.

Extensive numerical calculations of Ky sy, Kpw), and K, have
been done at the University of Missouri—Rolla using Euler analy-
sis for supersonic wing~body configurations.!”~?? They have shown
Kwy, Kaw), and K, to be functions of S/R, M, «, body cross-
sectional shape, fin planform shape, and fin vertical position. This
research used delta fins for AR from 2.4 to 4 at low «. The cur-
rent research extends these results not only to fins with taper ratios
different than zero, but also to low AR and large .

Methodology

Wing-Body Geometry

The wing-body configuration used for this research is shown in
Fig. 1. The wing-body has a tangent ogive nose with Zy/R = 6
and a cylindrical body for Z/R > 6. It has clipped delta fins in the
+ cruciform configuration, which are modeled as infinitely thin flat
plates with A = 45 deg. The finroot-chord leading edge was located
far from the nose (Z g/ R = 30)to minimize nose effects. The aspect
ratio varied from 4 (with A = 0) over the delta fin to as low as 0.05
(with & = 0.975) over the clipped delta fin. The fin trailing edge is
straight, and its location for a specific AR depends on S/ R. For this
research the right-hand-side horizontal fin was analyzed.

Aspect ratio was controlled by the root-chord length. The aspect
ratio for the small delta-fin portion at the front of the clipped delta
fin is given by

AR = 4/tan A (8)

Starting at the rear of the delta fin [Z/R = Zig/R + (S/R —
1) tan A], the fin has constant span (S/R). Thus, on marching down
the wing—body, the fin area increases while the span remains con-
stant, so that the aspect ratio decreases as a function of Z/R accord-

ing to
S
4 = -1
(5-)
AR =

[z z
o222 _ (5 1 Vna
. R R R

At the trailing edge of the delta fin Egs. (8) and (9) give the same
value of AR. As Z/R approaches infinity, Eq. (9) shows that AR
approaches zero.
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Fig. 1 Missile geometry configuration. The right-hand horizontal fin
was used for the calculations. Positive o and 3 are indicated.
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The taper ratio can be expressed in terms of Z/R and S/R, or
AR and A, as

S
— —1}tanA
R _ 4~ ARtanA

Z Zig 4+ ARtanA

R R

A=1- 10)

for Z/R > Zig/R + (S/R — 1)tan A. The value of A is zero
elsewhere. Thus, AR and X are related to each other and to Z/R.

The afterbody length is an important parameter for K gw,. Three
fins (AR = 0.5, 0.1, and 0.05) were used in the afterbody analysis.
For a given Z g/R, AR, A, and S/R, Eq. (9) was used to locate the
fin trailing edge. The body was then extended up to 10 body radii
beyond the fin trailing edge. This allowed the calculation of Kpw,
data in terms of Z,/R and AR.

ZEUS

The numerical Euler code ZEUS*~26 (zonal Euler solver) was
used for this research. It is a finite-volume code that predicts the
steady, supersonic flowfield between the body and the bow shock
(used in this research), or between the body and an outer bound-
ary (capturing the bow shock). ZEUS uses a spatial marching
method, and the flowfield solution is obtained using the second-order
Godunov method in conjuction with the Riemann problem.?”-?® The
code is extremely robust and flexible. The ZEUS “velocity-clipping”
option was not used in the calculations. The accuracy of ZEUS pre-
dictions is documented for a wide spectrum of applications from
missiles with noncircular fuselage cross sections to projectiles in
tank guns.?0~22.2%:30 Many more examples exist, but these references
show the versitility of ZEUS.

ZEUS solves the Buler equations to determine the pressure dis-
tribution on the missile surface and integrates it over the surface
to determine the lift in the presence of the fins. The solution is
marched in Z/R along the body, so each step results in a new fin
trailing-edge position, or a new, lower AR. Two computer runs
are necessary to evaluate Kpgw,. First, a body-alone analysis is
done to find Ljp. Next, the wing—body configuration is analyzed
to determine L pw). The difference between these two quantities
is AL B(W)+

Two computer runs at a given ¢ are needed to calculate K,: one at
B = 0 degand one at 8 = 3 deg. Each computer run yielded data at
slightly different axial locations along the fins. A linear interpolation
was used to determine fin forces at 50 identical axial locations for
accurate subtraction in Eq. (7) to calculate K.

Grid Clustering and Mesh Size

Low-aspect-ratio missiles inherently have small fin spans; con-
sequently, grid clustering is required for accurate numerical results.
In this research pitch-plane symmetry was used where possible, and
the grid was clustered. A clustering function from Ref. 31 was used,
so that at least 10 spanwise grid points were located on the fin trail-
ing edge. ZEUS, as used herein, distributes the grid points between
the body and the bow shock. The distance between the body and the
bow shock increases as one moves down the body; therefore, this
criterion ensured that at least 10 spanwise grid points were located
on the fin at every Z/ R location. This criterion and ZEUS accuracy
were verified in Ref. 32.

The gridding scheme was developed by comparing flowfield
predictions using several grid sizes and Courant-Friedrichs—Lewy
(CFL) numbers. The CFL number determines the maximum allow-
able step size for stable solutions. Lz predictions using an 18 x 24
(18 radial points by 24 angular points) uniform grid on the forebody
and a 36 x 36 clustered grid on the finned part of the body, with
CFL number 0.9, were compared with predictions using a clustered
72 x 72 grid and CFL number 0.5. The differences in the results
were negligible; consequently, the coarse grid and larger CFL num-
ber were used to save computer time.

For K, body-alone calculations at small «, fine grids gen-
erated spurious crossflow effects that led to inaccurate body-force
predictions.® In this research, body-alone results using three mesh
sizes (18 x 24, 36 x 36, and 36 x 36 with clustering) were compared

with wind-tunnel data, and the coarse mesh gave the best results for
long bodies.* Consequently, an 18 x 24 grid mesh was used for the
body-alone force predictions.

For K, calculations pitch-plane symmetry could not be used, and
so an 18 x 48 grid was used on the forebody. A 36 x 72 grid with
radial clustering was used over the fins.

All computer runs were done with CFL number 0.9. The calcula-
tions were performed on the IBM 4381 computer at the University
of Missouri~Rolla. CPU times up to 2 h were required for complete
flowfield solutions over the entire wing—body.

Fin-Alone Lift, Ly

For consistency ZEUS was used to determine Ly, which is pre-
sented graphically in the Appendix. Thus, ZEUS is used to predict
Lg, Ly, Leow), and Ly, which are used to determine Ky (s),
Kpw), and K. The fin-alone ZEUS data agree with the fin-alone
data of Ref. 35. In the original AIAA papers in which this work
was presented, and in Ref. 34, Ly was generated using linearized
potential theory.

Calculation Conditions

Kws), Kpw), and Ky values are presented for S/R values of
1.3, 1.5, and 2 and aspect ratios from 0.05 to 4 at Mach numbers
from 3 to 4. Angles of attack up to 20 deg were investigated in order
to examine nonlinear effects of . All results are for A = 45 deg.
The taper ratios ranged from 0 (at AR = 4) to essentially 1 (at
AR = 0.05), and they are related to AR by Eq. (10). Care must be
taken in using the data because A changes when AR changes, owing
to the geometrical approach used in the analysis; thus the data as
a function of AR are also a function of A. All the graphical data
shown are at M = 3.5, unless stated otherwise. The data are plotted
vs 1/AR, rather than AR, to enhance the low-aspect-ratio regime.

Interference Factor Ky,
Aspect Ratio

Figures 2 and 3 show Ky s, as a function of 1/AR at M = 3.5
for S/R = 1.3 and 2, respectively. Each figure shows data for
a = 3,6, 10, 15, and 20 deg. For ¢ < 10 deg, Kz, is greater than
1 for the entire range of AR and S/R. This indicates that the body
has a positive effect on fin lift. At o = 15 and 20 deg, Kw (g, is less
than 1 for 1/AR less than about 5, depending upon the value of S/R.
The values of Kw g fora > 15 deg and 1/AR > 10 (AR < 0.1) are
essentially independent of both o and AR.

Figures 2 and 3 include SBT predictions of K s, from Ref. 12.
The Euler results differ considerably from the SBT predictions. The
Euler solutions show that Ky ) decreases with increasing S/R,
in agreement with the trends predicted by SBT (compare Figs. 2
and 3). These trends agree with the work of Nielsen,®> who used
experimental data to generate Kw z).
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1.25

KW(E*)
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0.75}

0.50

1/AR
Fig. 2 Kwp) vs /AR for S/R = 1.3 and M = 3.5. The SBT value is
1.745.
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Fig. 3 Kwp) vs 1/AR for S/R = 2 and M = 3.5. The SBT value is
1.450.
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Fig. 4 Kwp) vsaforM = 3.5,AR = 0.5,and S/R = 2. Comparison
of experiment, SBT, and ZEUS results.

Angle of Attack

Figure 4 shows Ky 5 as a functionof ¢ at AR = 0.5for S/R = 2.
In general, Ky g, is approximately 1.4 at small o and approaches
1 at large or. The symbols in Fig. 4 show experimental Ky g, data
for wing-bodies with AR = 0.5 and S/R = 2 for two different fin
shapes (fin 32 and fin 33 from Ref. 15). Both fins have finite thickness
and S/R =2 ,butfin 32 has A = 0.5, whereas fin33 has A = 1. The
taper ratio for the Euler results as calculated here varies with aspect
ratio. For S/R = 2 and AR = 0.5, Eq. (10) gives A = 0.778 for the
wing-body used in this research. The three-dimensional Euler re-
sults show reasonably good agreement with the experimental data.

Flowfield Analysis

At small o, K gy is determined by body upwash, or how the
flow in the crossflow plane is altered by the body size and shape. In
addition, the shedding of leeside vortices generated from the fin tips
affects Ky g, for fins with taper ratios different than 0. The pressure
is lowest at the vortex core and increases with distance away from
the core; therefore, the vortex increases the lift when it is attached
to the fin, because it lowers the leeside pressure. When it detaches,
the leeside pressure increases, decreasing the lift. Consequently, the
fin-tip vortices significantly affect the fin-alone and the fin-body lift.

For small @ and small AR (long root chord), the body upwash
and the fin-tip vortices both play a role in Ky (z,; however, the fin
alone only has tip vortices. Body upwash is strongest near the fin root
chord. For small AR, the fin root chord is long and the fin-tip vortices
for the fin alone and the fin~body become similar; consequently,
Ky s becomes a function only of the body upwash, and its value is
directly related to «.

At high o, the leeside vortex is present, but it is highly distorted
and thus has a small affect on the leeside pressure distribution. Vor-
tex shedding still occurs as the flow moves down the wing-body;

however, the overall nature of the flowfield changes. The fin lift
becomes dominated by the flow impacting the bottom surface of
the fin, as indicated by large windward pressures and small leeside
pressures. The flow changes from a vortex-controlled flowfield to
an impact-controlled flowfield near @ = 10 deg.

Figures 2 and 3 show that Ky g remains roughly constant and
close to 1 for @ > 10 deg for all aspect ratios. This trend can be
explained using Newtonian theory. At large « the flow is dominated
by the windward pressure, so the body has little effect on Kz -
Newtonian theory for a flat plate shows® that the lift increases
approximately linearly with « for 15 < o < 45 deg. Both the fin
alone and the body—fin tend to have this lift variation for large a, so
Kw sy tends toward 1.

Interference Factor Kpw,

SBT predictions of K p(w) have been presented by Nielsen in Ref.
12, Chap. 5, as 1.39, 1.15, and 0.80 for S/R = 1.3, 1.5, and 2,
respectively. These predictions of K gy, are generally much larger
than the current Euler results. The only experimental K .y, values
are for wing-bodies with afterbodies.!*!> Comparisions with ex-
perimental data are presented herein for wing~bodies with specific
values of Z, / R. Nelson and Bossi*? showed that the Euler equations
accurately predict ACy y for nonafterbody wing-bodies. Referring
to Eq. (1), ACy,w is defined as

ACyw =Cy — Cnp = Cnw + Cy.aw) 11

where Cy wp) and Cy pw) are defined in Egs. (3) and (4). Equation
(11) can be written as

K
ACyw = CyawKwn (1 + %) o 12)

W(B)

by combining Eqs. (2—4) and (11) when K, = 0. Comparisons of
the ZEUS-predicted A Cy y were made with wind-tunnel data from
Spearman and Trescott,'® and the differences were found to be below
10%; consequently, the K gy, predictions should be acceptable for
preliminary design.

Aspect Ratio

The Kpw, results are plotted vs 1/AR in Figs. 5 and 6 at o =
3,6,10, 15, and 20 deg for S/R = 1.3, 1.5, and 2, respectively.
Figure 6 shows Kpw) at S/R = 2 . For each o, Kpqw, increases
with 1/AR until 1/AR = 5 (AR = 0.2). As 1/AR increases above
5, K p(w) decreases for small o, whereas at larger « it remains fairly
constant. Figure 5 shows the same general trends for K p(y as Fig. 6
does, except for three differences. First, the peaks in K p(y,) shift to
larger values of 1/AR. Second, for large o and very small 1/AR,
Fig. 5 shows that K3y, decreases before steadily increasing to its
maximum value. Finally, as S/R decreases, the maximum value of
K p(w) increases; however, this is due to the normalization of K pw),
not to the flowfield physics. Large-S/ R fins 1) have greater effects on
the body force and 2) produce larger A L g values than small-S/ R

1.25

1.00

0.75

KB(W)

0.50

0.25

0.00 L=

1/AR
Fig. 5 Kpw) vs 1J/ARfor S/R = 1.3 and M = 3.5.
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Fig. 7 Mach-number effects on Kgw); S/R = 2, o = 3 and 20 deg.

fins. Also, when §/R is reduced from 2 to 1.3, AL g, decreases
less than Ly, leading to larger maximum K g(w,. Normalization does
not affect Ky gy and K, because the numerator deals with fin force
and not body force as it does for K zgw). For Ky (s and K the fin
area cancels, eliminating the sensitivity to normalization [see Eqs.
(5) through (7)].

Angle of Attack

Figures 5 and 6 show that K g(w, is a nonlinear function of « at
low aspect ratios. At larger aspect ratios (AR = 2), Kpw) does not
change significantly with . In addition, K p(w) is more sensitive to
changes in angle of attack at small « than at large a. Nielsen found
similar trends using experimental data.!?

Mach Number

Figure 7 shows effects of Mach number on K, as a function
of 1/AR at @ = 3 and 20 deg. As M increases, the maximum value
of Kgw, shifts to larger values of 1/AR. At both angles of attack
K gy decreases with increasing M at low 1/AR and increases with
increasing M at large 1/AR. Changing M has a larger effect on
Koy at low ¢ than at high «.

Afterbody Effects

The ratio Z, /R represents the extension of the body behind the
fin trailing edge and is referred to as the afterbody length. When
Za/R = 0, Kgqw) data are generated in terms of AR by marching
down the wing—body and using Eq. (9) to convert Z/R to AR. Each
new Z /R position represents a new AR. When Z, /R > 0, the fins
have a specific AR and trailing-edge location, and the solution is
continued for Z/R beyond the fin trailing edge.

Figure 8 shows Kpw) vs Z4/R for fins with AR = 0.5, 0.1, and
0.05atS/R =2and M = 3.5, fora = 10 and 20 deg. Note that the
K pow) values from Figs. 8 and 6 agree at Z /R = 0. The large-AR
data show a stronger dependence on Z, /R than the small-AR data.

075 : ; \
AR @=10 =20
05 o -
) R
050 | 0.05 —mmimimn s ]
B
m
N4

I
0.25E

Experiment, Ref. 15

F32 ¢
F33 =

0.00 L . : -
0.0 2.5 5.0 7.5 10.0
z,/R
Fig. 8 Afterbody effects, Kpow) vs Zy /Ry M = 3.5,S/R =2, = 10
and 20 deg. Experimental Kpw) data are for Z, /R = 4 for F32 at
0.283, and 0.200, and for ¥33 at 0.276 and 0.216 for o = 10 and 20,
respectively.

For constant AR, K, initially increases as Z, /R increases, but
reaches a maximum and then decreases slightly. As « increases, the
effect of Z, /R on K pqy, decreases. Nielsen!® predicted this trend,
by generating experimental K gy, values with the Triservice-NASA
Data Base.'? Data from Table 4 of Ref. 15for Z, /R = 4, S/R = 2,
and AR = 0.5, (F32, 1 = 0.5;F33, L = 1.0) fore = 10 and 20 deg.
are presented in Fig. 8. The present results (A = 0.778) compare
very well with the experimental data, even though the taper ratios
do not match.

Flowfield Analysis

The Kgw, data are strongly affected by expansion and shock-
wave interaction between the fins and the body. Changes in AR,
a, and M directly affect the body pressure distribution, which in
turn effects X pcwy. An understanding of the pressure distribution is
helpful in understanding how AR, «, and M affect K pw,).

On the body at the fin leading edge the pressure above the fin
decreases because of the fin expansion wave, while the pressure
below the fin increases because of the fin shock wave. The pressure
change on the body at larger distances above and below the fin root
chord is delayed a short distance downstream from the fin leading
edge to where the shock and expansion waves intercept the body.
The delay distance is a function not only of the angular position
around the body, but also of M and «. Further behind the fin leading
edge, the shock and expansion waves entirely intercept the body, and
pressure recovery begins to occur. For long wing-bodies pressure
recovery occurs along the body. During the pressure recovery K g(w)
steadily decreases toward zero for small a. At high «, the shock and
expansion waves are stronger and the wave angles rotate relative
to the body, thereby delaying pressure recovery and causing the
nonlinear behavior of K g, as a function of AR and a.

The key elements that determine Kpw) are 1) the strength of
the shock and expansion waves, 2) the location where they com-
pletely intercept the body, and 3) the body pressure recovery after
the shock and expansion waves intercept the body. Each of these
three elements is a function of S/R, AR, o, and M.

When S/ R decreases, Figs. 5 and 6 show that the maximum values
of K p(w) shift to larger values of 1/AR. The shift is a geometry effect
based on the relation between AR, §/R. and Z/R given in Eq. (9).
Hence, when K g is plotted vs 1/AR, the maximum of each K g
curve naturally shifts toward larger 1/AR values as S/R decreases.

Shock and expansion waves are directly responsible for varia-
tion of Ky g, with afterbody length. Figure 8 showed that Kpw)
changed very little with Z»/R for wing-bodies with very low-AR
fins (AR = 0.05 and 0.1), whereas for wing-bodies with larger-
AR fins (AR = 0.5), Kpw) increased as Za/R increased. For
small-AR wing-bodies the body pressure relaxes to its freestream
value at, or prior to, the fin trailing edge, because the fin root chord
is long. (For AR = 0.05 and S/R = 1.3, the trailing edge is at
Z/R = 42.15.) For wing-bodies with large-AR fins, the fin root
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chord is short, so the fin trailing edge is located close to the fin
leading edge. (For AR = 0.5 and S/R = 1.3, the trailing edge is
at Z/R = 31.35.) Consequently, at the fin trailing edge the shock
and expansion waves have not completely intercepted the body;
hence, they are carried over to the afterbody and cause K pw) to in-
crease with afterbody length. Once the shock and expansion waves
have completely intercepted the body, pressure recovery begins and
K pwy begins to decrease with increasing Z/R.

Interference Factor K

An objective of this research was to extend the K, predictions
of Ref. 17 to low AR and higher «. Figure 9 shows a compari-
son between the clustered ZEUS predictions and the unclustered
SWINT-SBT predictions from Ref. 17 for a delta fin wing-body
with AR = 2.4. Data on K, for a two-fin, planar configuration and
a four-fin, cruciform configuration are shown. Note that the ZEUS
and SWINT predictions of K, agree well at larger S/R values;
however, at low S/ R values the ZEUS predictions are much larger
than SWINT-SBT predictions. Since low-aspect-ratio missiles gen-
erally have small-S/R fins, the large K values at small S/R may
be extremely important in missile design [see Eq. (2)].

Reference 34 shows that ZEUS predicts accurate flowfields for
low-aspect-ratio wing-bodies with S/R values as small as 1.25
when grid clustering is used. The finer mesh more accurately pre-
dicts vortex behavior due to the crossflow shockwave, which is pri-
marily responsible for the large K, values at small §/R. Shock
waves are the only source of vorticity for inviscid flow. Recall that
SBT does not model vorticity at all. Although the Euler-equation
solutions show K, to increase as S/ R is decreased, one expects that
there is an S/R value at which K, reaches a maximum and then
decreases. As §/R approaches 1, K, must approach zero because
the fin spans become infinitely small. With this in mind, the K
curves were faired to zero at S/R = 1, starting near S/R = 1.25. It
is very hard to obtain accurate solutions for S/R less than 1.25.

Vortex effects due to the crossflow shock wave appear to be re-
sponsible for the large K, values at low S/R. The existence of
vortices on delta fins is documented by a variety of references for
many different situations over a wide range of Mach numbers and
angles of attack.23~25-37.38

A pressure-difference contour plot was generated to show fin vor-
tex effects on K4 for low-S/ R wing—bodies. The pressure-difference
contour plot shown in Fig. 10 was generated from four pressure con-
tour plots. They consisted of: 1) the leeward pressure for 8. = 0 deg
[(Pyop)p=0l, 2) the windward pressure for 8 = 0 deg [(Pyo) =0l; 3)
the leeward pressure for 8 = 3 deg [(Piop)p=3]; and 4) the windward
pressure for B = 3 deg [(Poo)g=3]. Next, the leeward pressures for
B = 0 deg were subtracted from the leeward pressures for § = 3
deg. The same was done for the windward pressures. This yields

APlop = (Plop)ﬁ=3 - (Plop),3=0 (13)

A Poot = (Poot) g=3 — (Poot) p=0 (14)

1.00 ; T T
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0.006 : : : :
1.0 2.0 3.0 4.0 5.0 6.0
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Fig. 9 Comparisons between ZEUS and SWINT-SBT. SWINT-SBT
results from Ref. 17.

//Vﬂ///ﬁ

Fig. 10 APy, distribution; AR = 4,M = 3.5,a0 = 3deg,S/R = 4.

Next, AP, was subtracted from A Pyy. The resulting quantity is
referred to as A Py y:

APwiy = APy — AP, 15)

K, is directly proportional to A Py (zy. Figure 10 shows an example
of A Pygy contours. The change in the fin lift in the definition of
K4 can be written as

ALwiy = (Lwsy)pzo — (Lwa))s=0 (16)

The quantity ALw g is directly related to the integral of A Py (g
over the fin area.

The distribution of A Py gy on the fin determines the magnitude
of K,. Figure 10 shows that 1) the largest A Py, values occur
near the body and decrease as one moves spanwise on the fin, 2)
the shock-induced vortex location on the fin acts as a dividing line
between the larger and smaller A Py s, values, and 3) at small S/R,
the larger A Py (g, values cover a greater percentage of the fin than
at large S/R. The above three observations are the major reasons
for the large K4 values for small-S/R wing-bodies. The vortex
location determines the percentage of the fin with large A Py s,
values. At small S/R over one-half of the fin is encompassed by
large A Py p) values, which makes K, large. As S/R is increased,
the larger A Py (g, contours cover a smaller percentage of the fin;
hence K, decreases with increasing S/R as shown in Fig. 9.

The above analysis applies directly to low-aspect-ratio fins.
Figure 1 shows the generalized low-aspect-ratio wing—body ana-
lyzed in this research. Each fin consists of a delta fin at the front.
Because of the crossflow shock-vortex interaction, the K, values
on this delta fin are higher than previous SBT predictions, and these
large K, values are carried over to the clipped-delta, low-aspect-
ratio fins.

Aspect Ratio

Figures 11 and 12 show K, vs I/AR for S/ R valuesof 1.3, 1.5, and
2.0. These figures show that K, is essentially linear when plotted on
log-log scales. Figure 11 shows K, fora = 3 and 20 degat § = 3
deg. At small aspect ratios, local maxima occur in the K curves
for & = 3 deg because shock waves from the vertical fins intercept
the horizontal fin, This phenomenon was first reported by Jenn and
Nelson!’ for larger delta fins. At o = 20 deg and 8 = 3 deg, the
local maxima do not occur, because at high o the shock waves miss
the fins. At o = 20 deg, K} is less than it is for « = 3 deg. Also,
increasing S/R from 1.3 to 2.0 has negligible effect on K, at ¢ =
20 deg.

Figure 12 shows the same type of K, data as Fig. 11 except it is
for B = —3 deg. Comparing the data of Figs. 11 and 12 shows that
K4 at B = —3 deg is larger than K; at 8 = 3 deg for small «.. Jenn
and Nelson!” also found K, to be larger for negative sideslip. The
local maxima for negative sideslip are a result of expansion waves
instead of shock waves from the vertical fins, in agreement with the
previous results of Ref. 17. As expected, the local maxima disappear
when a = 20 deg. In fact, at & = 20 deg the K4 results for § = ~3
deg are almost identical to those for § = 3 deg.
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Fig. 13 Ky vs o3 M = 3.5,S/R = 1.3, AR = 2and 0.5, 3 = £3
deg. The SBT value is given by the straight line.

Angle of Attack

Figures 13 and 14 present K, vs o at aspect ratios of 2, 0.5, 0.1,
and 0.05 for S/R = 1.3. These figures show how K, varies with «.
Figure 13 shows K datafor 8 = +3 deg for AR = 2 and 0.5. There
is alarge dependence on «, especially at negative 8. Figure 14 shows
K, data for 8 = %3 deg for AR = 0.1 and 0.05. The magnitude
of K, in Fig. 14 is a factor of 10 smaller than for the larger-aspect-
ratio wing—bodies of Fig. 13. Comparing the data in Figs. 13 and 14
shows that, in general, K, becomes more symmetric in 8 at high or.

Figure 13 also shows the SBT prediction (K, &~ 0.27).!> Recall
for SBT that K, is only a function of §/R, so it does not vary with
a. The Euler solutions have extended K, well beyond the range of
SBT for o and AR.

0.20 . — ;

0.0 |
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Fig. 14 Ksvsos M = 3.5,8/R = 1.3, AR = 0.1 and 0.05, 3 = 13
deg.

Flowfield Analysis
At low angles of attack, portions of the low-aspect-ratio fins are

* affected by shock and expansion waves from the upper and lower

vertical fins (Figs. 11 and 12). In addition, for small-S/R clipped
deita fins, K, is strongly affected by the fin and fin-tip vortices. The
wing—body vortices shift as 8 changes and cover different fractions
of the fin planform area, thus influencing A Py gy. The fin-alone lift
is always evaluated at 8 = 0. These affects are very important at
low S/R.

At large o, vortex shedding occurs, but the flowfield becomes
Newtonian in nature and the aerodynamic characteristics are domi-
nated by the fluid impacting the bottom surface. This leads to large
windward pressures and very low leeward pressures. The pressure
distribution becomes independent of the vortex location. The ap-
proach to Newtonian-type flow explains why K, tends to become
independent of the sign of 8 at high a.

For small S/R fins with long root chords, the boundary-layer
thickness may become significant and affect Ky (z), K gw), and K.
A detailed boundary-layer analysis is beyond the scope of this paper.
However, a flat-plate analysis (Ref. 36, p. 243) for M = 3.5 over an
insulated flat wall yields a ratio of boundary-layer thickness to body
radius on the fin at its trailing edge on the order of 0.005 to 0.01,
depending on aspect ratio. The same magnitude of boundary-layer
thickness was found for the body. This estimate implies that effects
of boundary-layer thickness on the fin and body are negligible. This
analysis was done to obtain the order of magnitudes and does not
include high-angle-of-attack or body—fin interaction effects.

Conclusions

The Kwsy, Kpmw), and Ky predictions presented as a function
of AR, «, S/R, and Mach number in this paper extend the concep-
tual and preliminary design database to low-aspect-ratio supersonic
missiles with fins whose taper ratios are greater than 0. For the range
of Mach numbers considered herein, there is a nonlinear effect due
to the body flow that will affect the interference factors.

Aspect ratio has a significant impact on Ky g,. For low «, Kws)
remains greater than 1 over the entire AR range. For large o, Kw(g)
is less than 1 at large AR and slightly greater than 1 at small AR.
The range of AR for which Ky () is < 1 depends on S/R. The
value of Ky g, is insensitive to AR for AR < 0.1 and « > 10 deg.
When Ky 3 is less than 1, the fins produce less lift in the presence
of the body than when they are isolated, which may detract from
the overall missile performance. For large o, Ky gy approaches 1
for all aspect ratios; therefore, the influence of the body on the fin
lift becomes less important.

Euler K g values are shown to be much smaller than SBT K pw)
values for low-aspect-ratio wing—bodies. K pwy was found to be
a complicated function of both AR and «. It is strongly depen-
dent on shock- and expansion-wave interference from the fins. For
wing-bodies with no afterbody (so that the trailing edge of the fin
is at the base of the wing-body) the maximum K g(w) values occur
when the combination of §/R and AR is such that the shock and
expansion waves from the fin leading edge intercept the entire body
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cross section. This occurs at a specific Z/R value. If the wing—body
is longer than this Z /R, pressure recovery occurs along the body
at small values of o, which tends to decrease K pw, for the wing—
body. At high « the pressure recovery is much slower, because of the
Newtonian nature of the flow, and K gy, remains near its maximum
value.

For large- AR wing-bodies, K g(w, varies significantly with after-
body length. The afterbody itself does not alter the flowfield enough
to change K p(w). The determining factor is the fin root-chord length,
which is short for the large-AR fins. The trailing edge of these fins
is reached before the shock and expansion waves have completely
interacted with the body. Hence, these interactions are carried over
to the afterbody and affect K g(w).

For small-S/ R delta fins, the Euler solutions show that K, is much
larger than previous predictions using SBT. The increase in K, is
shown to be due to vortices. This research is the first open-literature
paper to point out the importance of vortices for K.

For low-AR wing-bodies, K4 approaches zero as AR decreases
for all ¢ at both positive and negative 8. Also, local maxima in K,
occur as a function of AR. They are caused by shock waves (for pos-
itive B) and expansion waves (for negative 8) from the neighboring
vertical fins. These interactions are important at small « and are more
pronounced as S/ R increases. The shock- and expansion-wave in-
terference is consistent with the findings of Jenn and Nelson,!” who
showed that these interactions increase K.

At small o, K tends to be unsymmetric with regard to positive
and negative sideslip, with negative sideslip producing larger K,
values. For large a, K, becomes symmetric in the sideslip angle.
This finding is new, and it is particularly important for missile roll
control.

Much more numerical and experimental research is needed to
fully understand the nature of Kwg), Kaw), and Ks. Boundary-
layer effects on both the body and the fins need to be examined. The
Kwp). Kw), and K, data need to be extended to higher «, # and
to a wider range of Mach numbers as well as to noncircular fuselage
Ccross sections.

Appendix: Fin-Alone Force Coefficient Cy »

Figures A1 and A2 show the fin-alone lift (numerically generated
using ZEUS) vs 1/AR at M = 3.5 fora = 3, 6, 10, 15, and 20 deg
for infinitely thin, clipped delta fins with A = 45degat S/R = 1.3
and 2, respectively. Figure A3 shows the fin-alone lift at M = 3 and
4 for §/R = 2. The ordinate on the figures is Cy,w/Cnpr), Where
Cy.w is the fin-alone normal-force coefficient (Cy w = Cyowo)
and Cyqpr) is the linearized-potential-theory normal-force coeffi-
cient. (Cyqery = 4a /M 2 — 1). This ratio makes the data fit nicely
on the figures. Note that S/R = 1.3 implies that the fin root chord
is at §/R = 1 and that the fin tip is at §/R = 1.3. In other words,
the fin has a span of 0.3R. The wing alone is composed of two fins
connected at their root chords. To obtain values of Cy w one must
multiply the data in the figures by the appropriate value of Cypr)-
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Fig. A1 ZEUS calculations of fin-alone lift for a clipped delta fin at
five angles of attack for S/R = 1.3 and M =3.5.
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Fig. A2 ZEUS calculations of fin-alone lift for a clipped delta fin'at
five angles of attack for S/R =2 and M = 3.5.
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Fig. A3 ZEUS calculations of fin-alone lift for a clipped delta fin at
two angles of attack for S/R=2and M =3 and 4.

The data in these figures show that 1) Cy w is less than Cypr) for
AR less than about 1, and 2) Cy w falls off as AR decreases. At
high AR the Euler-calculated Cy w is higher than Cypr) by virtue
of the lift enhancement associated with vortex formation along the
side edges.
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