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Aerodynamic Interference for Hypersonic Missiles
at Low Angle of Attack

H. F. Nelson¤ and Derek G. Hillstrom†

University of Missouri–Rolla, Rolla, Missouri 65409-0050

An Euler code is used to predict the � ow� eld over a hypersonic missile and to determine the carryover factors
KW (B), � n lift in the presence of the body,and KB(W ), lift produced by the body in the presence of the � ns. The missile
is assumed to have cruciform, delta � ns in the + orientation and an aspect ratio of 1.529. Results are presented as
a function of � n span at Mach 6, 8, and 10, for a 2-deg angle of attack. Two ratios of speci� c heats, 1.4 and 1.3,
are considered to partially account for vibrational excitation effects. Both carryover factors have approximately
the same variation with � n size as their slender body predictions. The values of KW(B) and KB(W ) are 2 for a missile
without � ns. The value of KW (B) decreases toward 1 and KB(W ) decreases toward 0.20 as the � n span becomes large.
At a � xed � n size, KW(B) decreases and KB(W ) increases as Mach number increases. At a � xed value of � n size and
Mach number, both KW(B) and KB(W ) increase slightly due to vibrational excitation effects.

Nomenclature
AF = wing-planformarea formed by two � ns joined at their

root chord, m2

AR = aspect ratio of wing formed by joining two � ns at their
root chord

CN = normal force coef� cient referenced to AF

CNC = normal force coef� cient of entire missile
CNF = normal force coef� cient of � n alone
CNF;®

= normal force curve slope, � n alone
CNFB = forebody-alonenormal force coef� cient
CNFB;®

= normal force curve slope, forebody alone
K B.W / = body–� n interference factor
KW .B/ = � n–body interference factor
L B.W / = body lift in presence of � n, N
LC = entire missile con� guration lift, N
L F = � n-alone lift, N
LFB = forebody-alonelift, N
L W .B/ = � n lift in presence of body, N
M = freestream Mach number
P = local pressure/(freestream pressure)
q = freestream dynamic pressure, N/m2

R = body radius at end of nose cone (1, any units)
RLE = body radius at root chord leading edge D 1:436 R,

units of R
S = � n span measured from body centerline, units of R
Z = missile axial distance measured from nose, units of R
® = angle of attack of body–� n combination, 2 deg
®eq = equivalent angle of attack, deg
®F = angle of attack of � n alone, 2 deg
° = ratio of speci� c heats
² = � n semivertex angle, 20 deg
µ = body � are angle, 1 deg
3 = � n leading-edge sweep angle, 70 deg
Á = angular position, deg (0 at top)

Introduction

T HERE is interest in developing hypersonic missiles that � y in
the Mach 8–12 range to destroy enemy ballisticmissileswithin
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the � rst 100 s after launch.1 The goal is to interceptand to destroythe
ballistic missiles such that the debris falls near the launch facility.

Design of high-speed missiles is facilitated by accurate and fast
computationaltechniquesto predictthe � ow� eld aroundthemissile.
Conceptual and preliminary design of missiles requires rapid ana-
lytical and empirical methods to do tradeoff studies to optimize the
missile con� gurationforboth performanceand stabilityandcontrol.
As design goals become more challenging, the inclusion of all of
the necessary factors, i.e., Mach number, angle of attack, � n shape,
and chemistry effects, becomes crucial in the tradeoff studies.

Missiles have been designed using slender body theory (SBT)
and linear potential theory (LPT), which has led to the develop-
ment of the equivalent-angle-of-attack method.2¡5 Missiles have
also been designed using semiempirical methods that are based on
an extensivedatabase,which is the basis of the AeropredictionCode
AP95.6;7

The objective of this paper is to use the ZEUS code8 to predict
the hypersonic � ow� eld and to evaluate the hypersonic � n–body
and body–� n carryover factors KW .B/ and K B.W / as functions of
� n size, Mach number, and ° . Numerical codes allow one to in-
vestigate a wide range of con� gurations and � ight parameters and
provide detailed � ow� eld properties not attainable with empirical
techniques. The results of this research project can be used to im-
prove the database for Missile DATCOM and AP95.

Background
Component-Buildup Methods

Component-buildup methods are fast and economical ways of
evaluating fundamental preliminary design parameters such as
force and moment coef� cients and stability derivatives. A spe-
ci� c component-buildup method is the equivalent-angle-of-attack
method. This method considers forces on individual missile com-
ponents separately and then adds the individual forces to � nd the
total missile normal force coef� cient. Interference factors are used
to account for the mutual interference between the missile compo-
nents. From Fig. 1 the lift on the entire missile con� guration is

LC D L B.W / C LW .B/ D LFB C L B.W / ¡ LFB C LW .B/ (1)

This can be rewritten as

LC D LFB C
LW .B/

L F
C

L B.W / ¡ LFB

L F
L F (2)

Equation (2) can be written in terms of the carryover factors as

LC D LFB C KW .B/ C K B.W / L F (3)

Note that the lift on the missile con� guration consists of the lift on
the forebody alone, LFB, and the lift on the � n alone, L F , modi� ed
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Fig. 1 Lift components on missile con� guration.

by the two interference factors, KW .B/ and K B.W /. Accurate func-
tional equations for KW .B/ and K B.W / decrease computation time
in conceptual and preliminary design. The values of LFB and L F

are usually readily available. SBT de� nes the body-alone lift as
LFB D 2¼q®R2 . LPT de� nes L F for a delta � n with supersonic
leading edges as L F D 4®F q AF =

p
.M 2 ¡ 1/.

The equivalent angle of attack, is de� ned by dividing Eq. (3) by
q AF to get

CNC D CNFB C KW .B/ C KB.W / CNF
(4)

At small angles of attack, CN is linear with angle of attack, so that
CN D ®CN ;® and Eq. (4) becomes

CNC D CNFB;®
® C KW .B/ C K B.W / CNF;®

®F (5)

Now the equivalent angle of attack ®eq is de� ned as

®eq D KW .B/ C K B.W / ®F (6)

when sideslip and vorticity effects are neglected. Thus, the normal
force on the missile � n–body con� guration is

CNC D CNFB;®
® C CNF;®

®eq (7)

If sideslip effects, vorticity effects, � n de� ection effects, multiple
sets of � ns, and large angleof attackare considered,Eq. (7) becomes
more complicated.3

Missile Data
Experimental data used in missile design consist of � n-alone,

body-alone,andentire-missilewind-tunnelmeasurements.Stallings
and Lamb9 carried out a systematic investigationof � n-alone exper-
iments to determineCNF using surface pressuremeasurements.The
pressuredistributionswere integrated to obtain CNF for Mach num-
bers from 1.60 to 4.60 and angles of attack up to 60 deg. The � ns
had aspect ratios of 0.5, 1.0, and 2.0 and taper ratios of 0, 0.5, and 1.

Results of a wind-tunnel test program have been reported by
Burns and Bruns.10 The program involved testing � n–body mod-
els from Mach 0.6 to 3.95 at angles of attack from ¡2 to 30 deg.
Twelve different � ns were used with aspect ratios between 1 and 6
and taper ratios of 0 and 0.5. A third data set is available,‡ but it is
not completely reduced and correlated.

Nielsen11 analyzed some of the data in the NASA Tri-Service
database to extract the values of KW .B/ and K B.W / at Mach numbers
between2.5 and 4.5 as a functionof angleof attack from 0 to 40 deg.
He found that at small angles of attack KW .B/ did not deviate very
much from SBT and at high angles of attack KW .B/ tended to go
toward 1. The carryover K B.W / tended to have signi� cant deviations
from SBT.

Because of boundary-layer effects on hypersonic missiles, a
Navier–Stokes numerical analysis is desirable. Bhutta and Lewis 12

used the three-dimensionalparabolizedNavier–Stokes equations to
predict the � ow� elds around supersonic and hypersonic missiles.
They consideredangles of attack of 0, 2, and 5 deg and investigated
the effects of � n thickness and � n de� ection.

‡B. Shaw and W. Sawyer, NASA Langley Research Center Tri-Service
Missile Data Base, transmitted by J. M. Allen to University of Missouri–
Rolla, 1992 (formal documentation in process).

Numerical predictions of KW .B/ and K B.W / have been done at
the University of Missouri–Rolla using Euler codes at supersonic
velocities for various missile con� gurations.13¡20 Euler equations
signi� cantly reduce the computer run time without degrading the
quality of the results at supersonic speeds.

Analysis
The � n–body carryover due to upwash, KW .B/, is de� ned as the

lift produced by the � n in the presence of the body divided by the
lift produced by the � n alone:

KW .B/ D
LW .B/

L F

(8)

When KW .B/ ¸ 1, positive interference occurs, and the � n in the
� n–body combination produces more lift than the � n alone.

The body–� n interferenceparameter K B.W / is de� ned as the dif-
ferencebetween the lift produced by the body in the presence of the
� n and the lift producedby the forebodydividedby the lift produced
by the � n alone:

KB.W / D
L B.W / ¡ LFB

L F

(9)

When K B.W / ¸ 0, the body in the presenceof the � n produces more
lift than the body alone.

Fin-Alone Lift LF

The terms KW .B/ and K B.W / are normalized by L F . The value of
L F is computedbydeterminingthe lift producedbyan in� nitelythin
wing composed of two � ns joined at their root chords. Linearized
potential theory was used to determine L F . For a � n alone with
supersonic leading edges, L F is

L F D
4®F q AF

.M2 ¡ 1/
(10)

Equation (10) was used to determine L F for all of the cases consid-
ered herein. Fins with subsonic edges were not considered.

Slender Body Theory
SBT yields simple equations for KW .B/ and K B.W / as a function

of S=R only. Nielsen21 developed a theoretical equation for KW .B/

using SBT:

KW .B/ D 1

¼.± ¡ 1/2

£ ¼

2

±2 ¡ 1

±

2

C ±2 ¡ 1

±
arcsin

±2 ¡ 1

±2 C 1
¡ 2.±2 ¡ 1/

±
(11)

where ± D S=R. Nielsen’s SBT equation for K B.W / is

K B.W / D [.± C 1/=±]2 ¡ KW .B/ (12)

Equations (11) and (12) are derived for a cylinder-shapedbody with
planar delta � ns.

SBT assumes that the � ow� eld is irrotational and isentropic and
that axial-� ow derivatives are negligible compared with cross� ow
derivatives.These assumptions limit SBT to small angles of attack.
Vortices, shockwaves, and expansionwaves are not considered.The
Euler equations allow for shock and expansion waves and account
for vorticity and rotational effects8; therefore, they allow the com-
putational modeling of the interference factors to be a function of
M , ° , and ® in addition to S=R.

Methodology
ZEUS is a � nite volume Euler code that was developed by the

U.S. Naval Weapons Center to solve the three-dimensional Eu-
ler equations.8;22 It employs a second-order Godunov method that
marches axially along the missile using a multiple-zone grid in the
cross-sectional plane. ZEUS computational time was reduced by
utilizing pitch plane symmetry and a uniform 36 £ 36 (r £ Á)
grid with two zones. Flow� eld solutions were obtained between
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Fig. 2 Missile con� guration.

the body and the bow shock. To improve the accuracy over the � ns,
the Courant–Friedrichs–Lewy number,which controls the computa-
tionalmarchingstep,was reduced from 0.9 to 0.6. CPU times on the
Universityof Missouri–Rolla Hewlett Packard Series 700 computer
workstation ranged from 10 to 15 min.

The accuracy of the numerical calculationswas veri� ed by com-
paring current results with those of the example case from Ref. 22.
Several differentgriddingsizeswere used,with the result that a 36£
36 grid was optimum with regard to computer time and accuracy.
The accuracy of the ZEUS code is well documented.17;18;20;22¡24

Experimental data have recently been obtained that can be used to
further evaluate the accuracy of the ZEUS code.10

Missile Geometry
The missileused in this researchis shown in Fig. 2. It hada conical

nose with a length-to-radius ratio of 5 and a cylindrical body with
a 1-deg � are. The � ns were in� nitely thin � at plates with triangular
planforms and 3 D 70 deg. For delta � ns joined at their root chord
to form a planar wing, the aspect ratio is

AR D 4 tan2 ²

tan ² ¡ tan µ
(13)

Missile con� gurations with both planar � n and C cruciform � n
orientations were considered. The � n leading edge was located at
Z=R D 30, and so the � ns were not in� uenced by the cone–cylinder
junction.Because ZEUS is an axialmarchingcode,one run includes
a spectrum of S=R ratios. In other words, at each Z=R value greater
than 30, each axial step yields a new solution for a missile with
larger � ns. The term RLE is the body radius at Z=R D 30. [Recall
that R D 1 in anyunits; thus, RLE=R D 1 C 25 tan.µ/ D 1:436.]The
term S=RLE is used as the independentvariablefor KW .B/ and K B.W /

interferencefactor calculations.The term LFB is the lift producedby
the forebody for Z=R between 0 and 30, L B.W / is the lift produced
by the body in the presence of the � n for Z=R greater than 30, and
L W .B/ is the lift producedby the � n in the presence of the body. The
Appendix presents some calculation details.

Flight Conditions
The purpose of this research is to extend the database for KW .B/

and K B.W / into the hypersonicMach number range. The KW .B/ and
K B.W / data are developed for Mach numbers of 6, 8, and 10 at
° D 1:3 and 1.4. The angle of attack was 2 deg. The � n aspect ratio
was 1.529. A ° of 1.3 was used to account for vibrationalexcitation
effects in hypersonic� ow. The KW .B/ and KB.W / valuesover the � ns
are plotted vs S=RLE, and the data over the whole body are plotted
vs Z=R.

Results and Discussion
Pressure is not in� uenced greatly by attached boundary layers;

consequently,the ZEUS solutionsgive accurateforcesand moments
due to pressure at low angles of attack. Base drag and skin friction
are not considered in this analysis. Figures 3 and 4 show pressure
(ratioed to the freestream value) contours at three axial positions
along the body for Mach 8 at ° D 1:4 and 1.3, respectively.

The Z=R ¼ 30 cross sections show roughly constant pressure at
a value near 1 because the � n is so small that it does not in� uence
the pressure � eld. Figures 3 and 4 clearly show the position of the
� n leading-edgeshock and expansionwaves for Z=R ¼ 38 and 48.
The nondimensional pressure is about 1.7 below the � n and about
0.5 above the � n. Near the � n root chord the shock is farther below
the � n than it is near the � n tip because the shock near the root
chord is generated at the root chord leading edge that is located far
upstream from the cross� ow plane, whereas the shock near the tip
is generated close to the given cross� ow plane. Thus, the oblique
shock located near the root chord has ample distance to move away

Fig. 3 Contours of pressure divided by the freestream pressure at
Z/R = 30.2, 37.9, and 47.8 for M = 8 and ° = 1.4.

Fig. 4 Contours of pressure divided by the freestream pressure at
Z/R = 30.1, 38, and 47.7 for M = 8 and ° = 1.3.

Fig. 5 Streamlines for cross� ow
velocity for M = 8 and ° = 1.4.

Fig. 6 Streamlines for cross� ow
velocity for M = 8 and ° = 1.3.

from the � n planform. The same physical effect occurs with the
expansion wave above the � n. The pressure for ° D 1:4 is slightly
higher below the � n than it is for ° D 1:3; however, changing °
from 1.4 to 1.3 does not change the pressure signi� cantly.

Streamlines for cross� ow velocity are shown in Fig. 5 for M D 8
and ° D 1:4 at Z=R D 47:8 and in Fig. 6 for M D 8 and ° D 1:3
at Z=R D 47:7. The streamlines follow the shock underneath the
� n and show the formation of a vortex above the � n. The cross� ow
is subsonic everywhere.
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Fig. 7 Bow shock radius along body at M = 6, 8, and 10 and ° = 1.4.

Fig. 8 Mach number on the body for M = 8 and ° = 1.4.

Fig. 9 Mach number on the body for M = 8 and ° = 1.3.

Figure7 shows thebow shockpositionat Á D 90deg as a function
of Mach number and Z=R. It also shows the missile shape (body
distance on right-handordinate) in nondimensionalunits as a func-
tion of Z=R. The angle Á D 90 deg is in the plane of the horizontal
� n, which is used to calculate the � n forces. The bow shock location
at a speci� c value of Z=R moves closer to the body as M increases.
At Mach 8 the bow shock touches the horizontal � n at Z=R D 50,
whereas at Mach 10 the bow shock intersects the horizontal � n at
Z=R ’ 45. The � ow� eld is calculated between the body and the
bow shock; consequently, the Mach 10 solution for Z=R ¸ ¼45
ignores the effects of the � n area outside the bow shock. This effect
limits the maximum value of S=RLE to 5. The top and bottom � ns
of the cruciform C con� guration are in� nitely thin and are located
on a plane of symmetry, and so the solutions for the horizontal � n
are independent of these � ns penetrating the bow shock.

Figures 8 and 9 show Mach number on the body as a function
of Z=R at four angular positions—Á D 0, 90¡ , 90C, and 180 deg
(top of body, top of � n, bottom of � n, and bottom of body)—for a
freestream Mach number of 8 at ° D 1:4 and 1.3, respectively.The
body shape is plotted along the bottom as a function of Z=R with
the radial distance on the right axis. The Mach number on the nose
cone is less than 8 due to passage through the bow shock. The sharp
increase in Mach number at Z=R D 5 is caused by the expansion
waves at the nose cone, � ared-cylinderjunction. The Mach number

Fig. 10 Pressure divided by the freestream pressure on the body for
M = 8 and ° = 1.4.

Fig. 11 Pressure divided by the freestream pressure on the body for
M = 8 and ° = 1.3.

then relaxes to a steady value until it encounters the � ns. At the
horizontal � n, the � ow at Á D 90¡ (above � n) expands due to the
2-deg angle of attack, and the Mach number increases and then
relaxes as Z=R increases further. The Mach number at Á D 90C

(below � n) decreasesbehind the shock wave at Z=R D 30 and then
relaxes to about 7 as Z=R increases. The Mach number along the
body at Á D 0 and 180 (top and bottom of body) remains relatively
steady at approximately 7.8 and 7.4, respectively.

Figures 10 and 11 show the pressure (ratioed to the freestream
value) as a function of Z=R on the body at four angular positions:
Á D 0, 90¡, 90C, and 180 deg (top of body, top of � n, bottom of
� n, and bottom of body). The data are for Mach 8 at ° D 1:4 and
1.3, respectively. The body shape is plotted along the bottom as a
function of Z=R with the radial distance on the right axis.

The pressureon the nose cone is greater than the freestreampres-
sure due to the jump across the bow shock. The sharp decrease in
pressure at Z=R D 5 is caused by the expansion waves at the nose
cone � ared-cylinder junction. The pressure then relaxes to a steady
value near 1 until it encounters the � ns. At the horizontal � ns, the
� ow at Á D 90¡ (above � ns) expands due to the 2-deg angle of
attack, and the pressure decreases and then relaxes back toward 1
as Z=R increases further. The pressure at Á D 90C (below � ns)
increasesdue to the � n leading-edgeshock and then relaxes slightly
as Z=R increases. The pressure along the body at Á D 0 (top)
and 180 (bottom) remains relatively steady with increasing Z=R at
approximately 1 and 1.1, respectively.

Carryover, KW(B)

Figure 12 presents KW .B/ as a functionof S=RLE at M D 6, 8, and
10 for ° D 1:4 and 1.3. At a given Mach number KW .B/ decreases
toward 1 as the � ns become larger. Interference effects between the
� n and the body are negligible when KW .B/ D 1. Figure 12 shows
that KW .B/ decreases at a speci� c value of S=RLE (� xed � n size) as
M increases and that KW .B/ increases slightly as ° decreases from
1.4 to 1.3. The numerical data become inaccurate at small values of
S=RLE due to the small number of pressure data points on the � n.
Therefore, the data have been extrapolated for S=RLE less than 1.5
so that they go to the theoretical limit of 2 at S=RLE D 1. The SBT
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Table 1 KW(B) at Mach 6, 8, and 10

° D 1:4 ° D 1:3

S=R 6 8 10 6 8 10 SBT

1.00 2.000 2.000 2.000 2.000 2.000 2.000 2.000
1.05 1.945 1.900 1.720 1.946 1.905 1.740 1.948
1.10 1.880 1.805 1.630 1.885 1.823 1.650 1.896
1.20 1.784 1.677 1.520 1.793 1.695 1.535 1.810
1.30 1.706 1.590 1.450 1.716 1.605 1.462 1.739
1.40 1.650 1.533 1.400 1.658 1.548 1.410 1.678
1.50 1.609 1.494 1.365 1.615 1.505 1.375 1.627
1.60 1.580 1.466 1.335 1.585 1.476 1.345 1.582
1.70 1.555 1.445 1.320 1.560 1.455 1.330 1.543
1.80 1.535 1.430 1.310 1.540 1.440 1.320 1.508
1.90 1.516 1.416 1.300 1.521 1.426 1.310 1.478
2.00 1.500 1.405 1.290 1.505 1.415 1.304 1.450
2.10 1.485 1.394 1.283 1.489 1.405 1.296 1.426
2.20 1.471 1.383 1.276 1.476 1.395 1.291 1.404
2.30 1.458 1.375 1.271 1.462 1.385 1.285 1.384
2.40 1.445 1.365 1.265 1.450 1.376 1.279 1.366
2.50 1.433 1.357 1.260 1.439 1.368 1.274 1.349
2.60 1.423 1.349 1.255 1.427 1.360 1.269 1.334
2.70 1.412 1.341 1.251 1.417 1.353 1.265 1.320
2.80 1.402 1.335 1.246 1.406 1.345 1.260 1.307
2.90 1.392 1.328 1.243 1.397 1.338 1.256 1.295
3.00 1.382 1.321 1.239 1.388 1.332 1.252 1.284
3.10 1.374 1.315 1.235 1.378 1.325 1.248 1.274
3.20 1.365 1.309 1.231 1.370 1.319 1.244 1.265
3.30 1.357 1.303 1.228 1.362 1.313 1.240 1.256
3.40 1.349 1.298 1.224 1.354 1.307 1.236 1.247
3.50 1.342 1.292 1.221 1.346 1.301 1.233 1.239
3.60 1.334 1.287 1.218 1.339 1.296 1.229 1.232
3.70 1.327 1.282 1.215 1.332 1.291 1.226 1.225
3.80 1.321 1.277 1.212 1.325 1.285 1.222 1.219
3.90 1.314 1.272 1.209 1.319 1.280 1.219 1.212
4.00 1.308 1.267 1.206 1.312 1.276 1.216 1.206
4.10 1.302 1.262 1.204 1.306 1.271 1.214 1.201
4.20 1.296 1.258 1.201 1.300 1.266 1.211 1.196
4.30 1.290 1.254 1.199 1.294 1.262 1.208 1.191
4.40 1.285 1.250 1.197 1.289 1.257 1.206 1.186
4.50 1.279 1.245 1.195 1.283 1.253 1.204 1.181
4.60 1.274 1.241 1.193 1.278 1.249 1.202 1.177
4.70 1.269 1.238 1.191 1.273 1.245 1.200 1.173
4.80 1.264 1.234 1.190 1.268 1.241 1.198 1.169
4.90 1.259 1.230 1.188 1.263 1.237 1.196 1.165
5.00 1.255 1.227 1.187 1.258 1.234 1.194 1.162

Fig. 12 KW(B) vs S/RLE for M = 6, 8, and 10 at ° = 1.4 and 1.3.

valueof KW .B/ is alsoshown in Fig. 12.SBT predicts that KW .B/ D 2
when there is no � n and approaches1 as S=RLE goes to in� nity.The
SBT value for KW .B/ falls off faster with S=RLE than the ZEUS
predictions. Recall that SBT is only a function of S=RLE. Note that
the SBT prediction has the same general trend as the Euler results,
so that it is a useful approximation to KW .B/ for rough calculations.

The effect of vibrational excitation on KW .B/ is shown by chang-
ing ° from 1.4 to 1.3. Note that vibrational excitation effects are
small and that they increase with Mach number as one would ex-
pect.

Table 2 KB(W ) at Mach 6, 8, and 10

° D 1:4 ° D 1:3

S=R 6 8 10 6 8 10 SBT

1.00 2.000 2.000 2.000 2.000 2.000 2.000 2.000
1.10 1.639 1.790 1.849 1.649 1.806 1.870 1.749
1.20 1.329 1.588 1.698 1.345 1.617 1.736 1.551
1.30 1.069 1.396 1.548 1.088 1.432 1.597 1.391
1.40 0.860 1.213 1.397 0.879 1.252 1.453 1.260
1.50 0.702 1.039 1.247 0.717 1.076 1.304 1.151
1.60 0.598 0.874 1.096 0.610 0.904 1.150 1.059
1.70 0.525 0.757 0.946 0.535 0.782 0.992 0.980
1.80 0.471 0.670 0.834 0.479 0.692 0.874 0.912
1.90 0.430 0.602 0.747 0.437 0.622 0.782 0.852
2.00 0.397 0.549 0.678 0.403 0.566 0.709 0.800
2.10 0.371 0.506 0.622 0.377 0.521 0.650 0.753
2.20 0.350 0.470 0.575 0.355 0.484 0.601 0.712
2.30 0.333 0.441 0.536 0.337 0.453 0.559 0.675
2.40 0.318 0.415 0.502 0.322 0.427 0.524 0.641
2.50 0.306 0.394 0.473 0.309 0.404 0.493 0.611
2.60 0.295 0.375 0.448 0.298 0.384 0.467 0.583
2.70 0.286 0.358 0.426 0.289 0.367 0.444 0.558
2.80 0.278 0.344 0.407 0.281 0.352 0.423 0.535
2.90 0.271 0.331 0.390 0.273 0.339 0.405 0.513
3.00 0.265 0.319 0.374 0.267 0.327 0.388 0.493
3.10 0.259 0.309 0.360 0.261 0.316 0.374 0.475
3.20 0.254 0.300 0.348 0.256 0.306 0.360 0.458
3.30 0.250 0.291 0.336 0.251 0.297 0.348 0.442
3.40 0.245 0.283 0.326 0.247 0.289 0.337 0.428
3.50 0.242 0.276 0.316 0.243 0.281 0.326 0.414
3.60 0.238 0.270 0.307 0.240 0.275 0.317 0.401
3.70 0.235 0.264 0.299 0.236 0.268 0.308 0.389
3.80 0.233 0.258 0.291 0.234 0.263 0.299 0.377
3.90 0.230 0.253 0.284 0.231 0.257 0.292 0.366
4.00 0.228 0.249 0.277 0.229 0.252 0.285 0.356
4.10 0.225 0.244 0.271 0.226 0.248 0.278 0.346
4.20 0.223 0.240 0.265 0.224 0.244 0.272 0.337
4.30 0.222 0.236 0.259 0.222 0.240 0.267 0.329
4.40 0.220 0.233 0.255 0.221 0.236 0.261 0.320
4.50 0.218 0.230 0.250 0.219 0.233 0.257 0.313
4.60 0.217 0.227 0.245 0.217 0.230 0.252 0.305
4.70 0.215 0.224 0.241 0.216 0.227 0.248 0.298
4.80 0.214 0.221 0.237 0.214 0.224 0.244 0.291
4.90 0.213 0.219 0.234 0.213 0.222 0.240 0.285
5.00 0.211 0.217 0.230 0.212 0.220 0.236 0.278

Table 1 gives numerical data for KW .B/ from the ZEUS calcu-
lations for M D 6, 8, and 10 at ° D 1:4 and 1.3 as a function
of S=RLE. It also gives the SBT values. These data can be used in
conceptual and preliminary design.

Carryover, KB(W )

Figure 13 shows K B.W / as a function of S=RLE at Mach 6, 8, and
10 for ° D 1:3 and 1.4. Predictions from ZEUS and the SBT result
are shown. The value of K B.W / from SBT decreases from 2 to 0 as
S=RLE increases from 1 to in� nity. Recall that the SBT predictions
are only a function of � n geometry.They are independentof M and
®. Thus, from Fig. 13 the effect of Mach number is easily seen. The
value of K B.W / from ZEUS is inaccurate at small S=RLE due to the
small number of data points on the � n; therefore, the data for S=RLE

less than 1.5 have been extrapolated to go to the SBT theoretical
limit of 2 as S=RLE D 1.

As M increases, K B.W / at a given value of S=RLE increases.This
behavior is opposite to the trend shown by KW .B/ . As M increases,
the carryover between the � n and the body moves backward along
Mach lines on the body surface. Some of the interference occurs
behind the body. This implies that the K B.W / will become important
on the afterbody. In the present study the effects of afterbodieswere
not investigated.Reference 20 considers these effects.

The effectof chemistryon K B.W / is shownbychanging° from1.4
to 1.3. Note that chemistry effects are small and that they increase
with Mach number.

Table 2 presentsnumerical values of K B.W / from ZEUS for M D
6, 8, and 10 at ° D 1:4 and 1.3 as a function of S=RLE. It also
gives the SBT values. These values can be used in conceptual and
preliminary design.
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Fig. 13 KB(W ) vs S/RLE for M = 6, 8, and 10 at ° = 1.4 and 1.3.

Conclusions
The carryover factors KW .B/ and K B.W / have been determined for

Mach numbers of 6, 8, and 10 at ° D 1:4 and 1.3. Reducing ° from
1.4 to 1.3 partially accounts for the air vibrational excitation effects
that occur in hypersonic� ow. The angle of attack was 2 deg, and the
AR was 1.529. The interference factors vary with � n size (S=RLE)
in a manner similar to that of SBT predictions.However, KW .B/ and
K B.W / also vary with Mach number and ° . The terms KW .B/ and
K B.W / were determined for S=RLE from 1 to 5 for a missile with no
afterbody. The values for KW .B/ at S=RLE D 1 approach the SBT
theoretical value of 2. As M increases from 6 to 10, KW .B/ at a
speci� c � n size, S=RLE, decreases and K B.W / increases. As S=RLE

approaches5, KW .B/ decreases to about 1.2 for all of the M values.
The term K B.W / approachesabout 0.2 as S=RLE approaches5 for all
Mach numbers. Both KW .B/ and K B.W / show trends similar to SBT
predictions as a function of � n size.

The effect of vibrational excitation has been investigated by
changing ° from 1.4 to 1.3. This effect is small; however, it in-
creases with Mach number as one would expect.

Appendix: Postprocessor Calculations
The data generated by the ZEUS code were postprocessed to

determine the KW .B/ and K B.W /. The normal force CN is calculated
by ZEUS for speci� c values of M , ®, and ° . The general equation
for the normal force in ZEUS is

F D CN q Aref (A1)

where Aref is the reference area.
The total lift on the � n in the presence of the body is de� ned as

the sum of the forces on the top and bottom surface of the � n:

LW .B/ D FF.top/ C FF .bottom/ (A2)

The total lift on the � n alone is givenby linearizedpotentialtheoryas

L F D 4®
p

M 2 ¡ 1
q AF (A3)

The term KW .B/ can thenbe calculatedusing LW .B/ and L F in Eq. (8).
The calculation of K B.W / requires the lift produced by the fore-

body and the lift produced by the body in the presence of the � ns.
The lift on the forebodyis obtainedby runningZEUS from Z=R D 0
to the root chord leading edge, yielding

LFB D FB.top/ C FB.bottom/ (A4)

Continuingthe computer run to valuesof Z=R beyondthe rootchord
leading edge provides the lift on the body in the presence of the � ns
as

L B.W / D FB.top/ C FB.bottom/ ¡ LFB (A5)

Note that the lift L B.W / is zero at the leading edge of the � n root
chord. The values for L B.W /, LFB, and L F are then used in Eq. (9)
to determine K B.W /.
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