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Roll Effects on Carryover for Hypersonic Delta Fin Missiles

H. F. Nelson¤

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

An Euler code is used to predict hypersonicmissile � ow� elds and to determine the carryover factors for the effect
of the body on wing lift KW ((B)) and for the effect of the wing on body lift KB((W )). Results are presented for Mach 4, 6,
8, and 10 at an angle of attack of 2 deg. The missile has a conical nose, a cylindrical fuselage with a 1-deg � are angle,
and delta � ns. Both £ and+ � n con� gurationsare considered.Results are givenfor 20-and 30-degsemivertex angles
as a function of � nspan to body radius (at � n leading edge), S/RLE . The wing–body carryover for £ � ns is smaller
for the top set of � ns than it is for the bottom set of � ns. The value of KW ((B)) for the missile with £ � ns is slightly
larger than it is for + � ns at Mach 8 and 10. At Mach 4 and 6, KW ((B)) is independent of � n con� guration. KB((W )) is
larger for £ � ns than it is for + � ns, and it increases as semivertex angle decreases from 30 to 20 deg. KB((W )) generally
decreases as both Mach number and � nspan increase. Equationsand tables are presented for the carryover factors.

Nomenclature
AF = planform area of one � n (AW =2), m2

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

AW = wing-planform area formed by two � ns joined
at their root chord, m2

CL = lift coef� cient referenced to AW

CL B = lift coef� cient, body alone
CL B;®

= lift curve slope, body alone
CL M = lift coef� cient, entire missile
CL W = lift coef� cient, wing alone
CL W ;®

= lift curve slope, wing alone
FN ;i = normal force on i th � n, N
K B.W / = body–� n carryover
KF .B/;i = � n–body carryover on i th � n
KW .B/ = wing–body carryover
K B

W .B/ = wing–body carryover (� ns 3 plus 4)
K T

W .B/ = wing–body carryover (� ns 1 plus 2)
L B = lift, body alone, N
L B.W / = body lift in presence of � ns, N
L F.B/;i = lift of i th � n in presence of body, N
L M = lift, entire missile, N
L W = wing-alone lift (2 D 0), N
M1 = freestream Mach number
P = pressure/(freestream pressure)
q1 = freestream dynamic pressure, N/m2

R = body radius at end of nosecone, m
RLE = body radius at root chord leading edge (1.419R), m
S = � nspan, from body centerline, m
Z = missile axial distance, from nose, m
ZLE = root-chord leading edge position, m
®eq = equivalent angle of attack, deg
®F = � n angle of attack, deg
®1 = missile angle of attack, deg
² = � n semivertex angle (20, 30 deg)
2 = � n angular position (0, 45 deg)
µ f = body � are angle (1 deg)
Á = body angular position, deg (0 at top)

Introduction

C ONCEPTUAL and preliminary missile design has evolved
from using slender body theory (SBT) and linear potential
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theory (LPT) to the development of the equivalent angle-of-attack
method.1 Missiles are also designed using using semi-empirical
approaches, such as the aeroprediction code AP982;3 and Missile
DATCOM,4 whicharebasedon extensivedatabases.Dilleniuset al.5

recently reviewed numerical prediction methods for missile aero-
dynamics.

Cruciform missiles � y in either the C � n position or the £ cross-
� n orientation. Figure 1 shows these � n positions. In Ref. 2 it is
stated that 1) the C con� guration (2 D 0 deg) is roll stabilized and
generally gives a slightly larger lift force and a slightly more stable
pitching moment than the £ con� guration (2 D 45 deg) and 2) the
£ � ned missiles require less energy than the C � nned missiles to
maintaina constantroll orientation.The C orientationhas negligible
� n–� n interference. In the £ orientation, the � ow� eld near � n 1 is
in� uenced by � n 4.

The objective of this paper is to use the ZEUS code6 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 functionsof � n
size, M1, and ² for £ and C � n orientations.ZEUS allows one to
investigatea wide range of con� gurationsand � ight parameters and
to obtaindetailed� ow� eld informationnot attainablewith empirical
techniques. The data generated in this research project can be used
to improve the database for Missile DATCOM and semi-empirical
methods.

Numerical predictions of KW .B/ and K B.W / using the Euler
equations have been done for hypersonic missiles in the C � n
con� guration.7 The Euler equations signi� cantly reduce computer
runtime relative to the Navier–Stokes equations without degrading
the quality of the results for forces and moments at low angle of
attack.8 The Euler equations allow for shock and expansion waves
and account for vorticity and rotational effects; therefore, the Euler
equationsallow the computationalmodelingof the carryoverfactors
to be a function of M1 , ² , and ®1 in addition to S=R.

Equivalent Angle of Attack
The equivalent angle of attack model is a component buildup

method that considers lift on individual missile components sepa-
rately and then adds the individual lifts to � nd the total missile lift
coef� cient. Carryover factors are used to account for the mutual
interference between components. The lift on the four-� n missile
con� guration is

L M D L B.W / C
4X

i D 1

L F.B/;i

D L B C
4X

i D 1

L F.B/;i C
¡
L B.W / ¡ L B

¢
(1)
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Fig. 1 Missile nomenclature.

Dividing and multiplying by L W yields

L M D L B C

"
4X

i D 1

L F .B/;i

L W
C

L B.W / ¡ L B

LW

#
L W (2)

For zeroyawangles,onehas L F .B/;1 D L F .B/;2 and L F .B/;3 D L F.B/;4.
However, the lift on � ns 1 and 2 is different than the lift on � ns 3
and 4. To be consistent with previous work,2 de� ne the carryover
factor for � n lift in the presence of the body for the top � ns as

K T
W .B/ D

£
L F .B/;1 C L F .B/;2

¤¯
LW D 2L F.B/;1

¯
LW (3)

and for the bottom � ns as

K B
W .B/ D

£
L F .B/;3 C L F .B/;4

¤¯
LW D 2L F.B/;4

¯
LW (4)

For £ � ns located symmetrically around the body, � ns 1 and 3
make a wing when they are attachedat their root chordsand likewise
for � ns 2 and 4. The wing–body carryover factor K T

W .B/ is de� ned
as the missile lift produced by � ns 1 and 2 in the presence of the
body divided by the lift produced by the wing alone at 2 D 0 deg.
Likewise, K B

W .B/ is de� ned as the missile lift producedby � ns 3 and
4 in the presence of the body divided by the lift produced by the
wing alone at 2 D 0 deg.

The body–wing carryover K B.W / (due to pressure bleeding over
from the wing to the body and upwash) is de� ned as the difference
between the lift producedby the body in the presenceof the � ns and
the lift produced by the body alone divided by the lift produced by
the wing alone:

K B.W / D
£
L B.W / ¡ L B

¤¯
L W (5)

Note that K B.W / is zero except where the � ns in� uence the lift pro-
duced by the body.

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

L M D L B C
£
K T

W .B/
C K B

W .B/
C K B.W /

¤
LW (6)

Hence, the lift on the missile con� gurationconsists of the lift on the
body alone, L B , and the lift on the wing alone, L W , modi� ed by the
carryover factors K T

W .B/, K B
W .B/, and K B.W /. The parameters K T

W .B/

and K B
W .B/ are normallyde� ned in terms of the missile normal force,

but at low angles of attack, the missile lift is essentially equal to
the missile normal force. Accurate functional equations for K T

W .B/,
K B

W .B/, and K B.W / are used in conceptual and preliminary design.
The equivalent angle-of-attack coef� cient is de� ned by dividing

Eq. (6) by q1 AW to get

CL M D CL B C
£
K T

W .B/ C K B
W .B/ C KB.W /

¤
CL W (7)

The cross� ow Mach number parameter M1 sin ®1 is less than one
for all of the cases considered in this research, and so q1 can be

used to de� ne the lift coef� cient.9 At Mach 10 and ®1 D 2 deg, this
parameter is 0.35.

At small angles of attack, CL is linear with ®1, so that
CL D ®1CL ;® and Eq. (7) becomes

CL M D CL B;®
®1 C CLW ;®

®eq (8)

where the equivalent angle of attack is de� ned as

®eq D
£
K T

W .B/ C K B
W .B/ C K B.W /

¤
®1 (9)

Reference 2 de� nes the entire missile KW .B/ as

KW .B/ D K T
W .B/ C K B

W .B/
(10)

The de� nitionof®eq becomesmore complicatedif sideslip,vorticity,
� n de� ection, multiple sets of � ns, or large ®1 are considered.1

Experimental Data
Missiledesignexperimentaldata consistof � n-alone,body-alone,

and entire-missilewind-tunnelmeasurements.StallingsandLamb10

carried out a systematic investigation of � n-alone forces for Mach
numbers 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. Burnsand Bruns11 made wind-tunnelmeasurementsof forces
on � n–body models with aspect ratios between 1 and 6 and taper
ratios of 0 and 0.5 from Mach 0.6 to 3.95 for angles of attack from
¡2 to 30 deg. Fin–body data are available from the Tri-Service Mis-
sile database;however,it is not completelyreducedand correlated.12

Nielsen13 analyzed some Tri-Service Missile data to extract values
of KW .B/ and K B.W / at Mach numbersbetween2.5 and4.5 for angles
of attack from 0 to 40 deg.

Analysis
Missile Geometry

The missile geometry used in this research is shown in Figs. 1
and 2. The missile has a conicalnose endingat Z=R D 6 and a cylin-
drical body with a 1-deg � are. The � n leading edge was located at
Z=R D 30. The � ns were in� nitely thin � at plates with triangu-
lar planforms. Two semivertex angles were considered, ² D 20 and
30 deg. The aspect ratio for two delta � ns joined at their root chord
to form a planar wing is

AR D 4 tan2 ²

tan ² ¡ tan µ f

(11)

Because ZEUS is an axial marching code, one run includes
a series 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. RLE is the body radius at Z=R D 30
(RLE=R D 1 C 24 tan µ f D 1:419). S=RLE is used as the independent
variable for KW .B/ and K B.W / . Results are presentedfor � ns varying
in size from S=RLE D 1 to 5.

Body-Alone Lift, LB

The body-alone lift is needed to evaluate K B.W /. SBT de� nes L B

as L B D 2¼q1®1 R2 (Ref. 14). In this research, the valueof L B was

Fig. 2 Missile con� guration.
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determined using ZEUS. The ZEUS data for M1 D 4, 6, 8, and 10
were � t to a single linear equation (accurate to §0.3%) in terms of
Z=R, giving

CL B D 0:2478 C 0:01163Z=R (12)

for 30 · Z=R ¸ 50, where CL B is based on a referencearea of 1 m2.
In other words, L B D q1CL B .

Wing-Alone Lift, LW

The wing alone is formed by two in� nitely thin � ns connected at
their root chord. The nondimensionalwing planform area in terms
of Z=R is

AW D .Z ¡ ZLE/2.tan ² ¡ tan µ f /
¯

R2 (13)

and in terms of S=RLE is

AW D
.S=RLE ¡ 1/2

tan ²

³
1 ¡

tanµ f

tan ²

´³
RLE

R

´2

(14)

for Z ¸ ZLE . The value of L W for the wing alone with supersonic
leading edges is14

LW D 4®1q1 AWp
M 2

1 ¡ 1
(15)

Fins with subsonic edges were not considered. The wing alone is
orientated at 2 D 0 deg. Reference 2 also uses this wing-alone ori-
entation.

Small Fin Limit
In the limit when the � ns become vanishingly small, the values

of KF .B/;i can be predicted using LPT. In cylindrical coordinates,
LPT gives the angular velocity at angle 2 on the body as

V .2/ D 2Vc cos 2 (16)

where Vc D V1 sin ®1 ¼ V1®1 is the cross� ow velocity. The mis-
sile lift force produced by the � n is 4®F q1 AF cos 2=

p
.M2

1 ¡ 1/,
where ®F D V .2/=V1 D 2®1 cos 2. Likewise, the lift of the wing
alone is 4®1q1 AW =

p
.M2

1 ¡ 1/, where ®1 D Vc=V1 . The valueof
KF .B/;i is equal to the missile lift produced by � n i divided by the
lift produced by the wing alone. Thus, K F.B/;i D cos2 2i . Hence,
from Eqs. (3) and (4)

K T
W .B/ D 2 cos2 2; K B

W .B/ D 2 cos2 2 (17)

for vanishingly small � ns. Note for 2 D 0 deg (C � n con� gura-
tion) only one of the KW .B/ equations is valid and that it goes to 2
(in agreement with SBT). At 2 D 45 deg, both K T

W .B/ and K B
W .B/

go to 1.

Methodology
ZEUS is a � nite volume Euler code (developedby the U.S. Naval

Surface Weapons Center6 ) that solves the three-dimensionalEuler
equations by marching axially along the missile using a multiple
zone grid in the cross-sectionalplane. Flow� eld solutions were ob-
tained between the body and the bow shock. A large number of
r points were used to maintain good accuracy. A uniform 90 £ 80
(r £ Á) grid with three zones (20 Á intervals from 0 to 45 deg, 40 Á
intervalsfrom45 to 135 deg, and 20 Á intervalsfrom 135 to 180 deg)
was used for the £ � ns. For the C � ns, two zones were used (40 Á
intervals from 0 to 90 deg and 40 Á intervals from 90 to 180 deg).
To further improve thenumericalaccuracy,the Courant–Friedrichs–

Lewy number,which controlsthe computationalmarchingstep,was
set at 0.6.

The accuracy of the ZEUS code is well documented.15;16 The
accuracy of the numerical calculations was veri� ed by comparing
current results to the example case from Ref. 15. Additional tests
were used to evaluate the numerical accuracy of the results. Results
for KW .B/ and K B.W / were compared for grids of 24 £ 48, 60 £ 60,
and 90 £ 80 with the difference in KW .B/ of the order of 1.0% and
the difference in K B.W / of the order of 1.5%. All of the results in

this paper were obtained using a 90 £ 80 grid. A looser grid could
have been used for the Mach 8 and 10 cases because the bow shock
was quite close to the body.

The current ZEUS solutions were calculated between the body
and the bow shock. ZEUS has an option to specify boundary condi-
tions at edge3, outside the bow shock,and to capture the bow shock;
however, this option was not used for the current calculations. At
Mach 8 and 10 and large S=RLE, the � n tips extend through the
bow shock. The lift from the � n area outside the bow shock was
calculated using LPT as

1L F;i D
4®1 cos 2i q11AF;i cos2iq¡

M2
1 ¡ 1

¢ (18)

where the angle of attack of � n i differs from ®1 by cos2i and
the second cos 2i converts the � n normal force to the missile lift
force direction. 1AF;i is the area of � n i outside the bow shock.
The total lift of � n i is the sum of the lift calculated by ZEUS
and 1L F;i , when the � n penetrates the bow shock. One must be
careful in using the current results for KW .B/ greater than about 3.5
in a semi-empirical code where bow shock effects are not included,
because KW .B/ accounts for the � n penetrating the bow shock.

Results and Discussion
Data for KW .B/ and K B.W / are obtained at Mach 4, 6, 8, and 10

for ° D 1:4 and ®1 D 2 deg. The aspect ratio is 2.381 for ² D 30 deg
and 1.529 for ² D 20 deg. KW .B/ and K B.W / are plotted vs S=RLE,
and the data over the whole body are plotted vs Z=R. The � n and
body trailing edges were always coincident.

Figures 3 and 4 show contours of 1P on the � n where 1P is the
differencebetween the nondimensionalpressure underneath the � n
and the nondimensional pressure on top of the � n. Figure 3 is for
� n 1 and Fig. 4 is for � n 4 at Mach 4. The � n planform is bounded
by the root chord at angle µ f and the leading edge at angle ². The
trailing-edgelocation, Z=R, dependson the S=RLE valueof interest.
The 1P distributions are similar for both � ns. Fin 4 has a higher
1P over a slightly larger area than � n 1 due mainly to blockage
of the cross� ow on � n 1 by � n 4 especially near the root chord.
This larger 1P causes � n 4 to create a slightly larger lift than � n 1
for all � n sizes. Local � ow conditions on the � ns at 2 D 45 and

Fig. 3 Nondimensional
pressure difference on
� n 1 at Mach 4.

Fig. 4 Nondimensional
pressure difference on
� n 4 at Mach 4.
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Fig. 5 Nondimensional
pressure difference on � n
1 at Mach 10.

Fig. 6 Nondimensional
pressure difference on � n
4 at Mach 10.

135 deg, that is, q greater than q1 , may in� uence 1P . In Ref. 17
it is stated that q1 can be assumed to be constant, independent
of 2, for cross� ow Mach numbers less than about 0.5. The current
caseshave a maximum cross� ow Mach numberof M1 tan 2 ¼ 0:35,
well below 0.50, so that changes in 1P due to changes in dynamic
pressure are negligible.

Figures 5 and 6 show 1P contourson � n 1 and � n 4 at Mach 10.
The bow shock position is also shown. The value of 1P is roughly
twice its value at Mach 4, and the highest 1P values have moved
inward,closer to the body.Fin 1 contacts thebow shockat Z=R ¼ 39
(S=RLE ¼ 4:8), whereas � n 4 contacts the bow shock at Z=R ¼ 36:3
(S=RLE ¼ 3:6). The angle of the center loop in the 1P contours
(1P ¼ 0:50 for M1 D 4 and 1P ¼ 1:0 for M1 D 10) is approxi-
mately equal to the Prandtl–Meyer angle for a planer shock on a
1-deg (¼2 f ) wedge.

Carryover, KB(W )

The value of KB.W / is shown as a function of � n size, S=RLE,
in Figs. 7 and 8 at Mach 4, 6, 8, and 10 for ² D 20 and 30 deg,
respectively. The SBT value of K B.W / is also shown.14 The K B.W /

data are considerably smaller than the SBT value. When K B.W / is
zero the � ns have no effect on the body lift. The value of K B.W /

decreases as ² changes from 20 to 30 deg. K B.W / is always larger
for £ � ns compared to C � ns. K B.W / increases as Mach number
M1 increases. K B.W / is very sensitive to � n size, especially for
small � ns. Generally, K B.W / is positive, so that the effect of the � ns
is to increase the lift produced by the body. The trends in K B.W /

agree with Ref. 7 (although the magnitude is smaller, because in
Ref. 7 a slightly different de� nition for K B.W / is used). The K B.W /

data are presented in the Appendix.

Carryover, KW(B)

Values of K T
W .B/ and K B

W .B/ are shown as a function of S=RLE

in Figs. 9 and 10 at Mach 4, 6, 8, and 10 for ² = 20 and 30 deg,
respectively.Both K T

W .B/ and K B
W .B/ are less than 1, so that the wing-

alone lift is greater than the lift produced by either the top set of � ns
or the bottom set of � ns. As Mach number increases from 6 to 10,
K T

W .B/ and K B
W .B/ decrease for a speci� c � n size, S=RLE. Recall that

the lower � ns hit the bow shock for S=RLE ¼ 3:6 at Mach 10 for
² D 30 deg. Also, near the bow shock the value of 1P increases,
so that the � n tips produce a rather large lift, tending to keep KW .B/

Fig. 7 KB(W ) as a function of S/RLE at ² = 20 deg at Mach 4, 6, 8, and
10.

Fig. 8 KB(W ) as a function of S/RLE at ² = 30 deg at Mach 4, 6, 8, and
10.

Fig. 9 KT
W(B) and KB

W(B) as a function of S/RLE at Mach 4, 6, 8, and 10
for ² = 20 deg.

Fig. 10 KT
W (B) and KB

W(B) as a function of S/RLE at Mach 4, 6, 8, and 10
for ² = 30 deg.



NELSON 25

Fig. 11 KW (B) for £ � ns as a function of S/RLE at Mach 4, 6, 8, and 10
for ² = 20 and 30 deg; experimental point is from data of Ref. 12.

Fig. 12 KW (B) for + � ns as a function of S/RLE at Mach 4, 6, 8, and 10
for ² = 20 and 30 deg; experimental point is from data of Ref. 12.

large, which tends to cause K B
W .B/ to level off at large S=RLE. The

Appendix presents equations for K T
W .B/ and K B

W .B/ . The value of
KW .B/ [K T

W .B/ plus K B
W .B/

] for £ � ns is shown as a function of
S=RLE and Mach number M1 in Fig. 11 for ² D 20 and 30 deg. The
four £ � ns produce more lift than the single wing alone over the
entire range of S=RLE because KW .B/ is always greater than 1.

The value of KW .B/ for C � ns is shown as a function of S=RLE

and Mach number M1 in Fig. 12 for ² D 20 and 30 deg. The val-
ues of KW .B/ agree with the previous work of Ref. 7. At Mach 4
and 6 the KW .B/ data did not change signi� cantly with � n con� g-
uration nor ². The data for £ and C � ns were the same to §2%;
hence, KW .B/ is assumed to be independent of roll at Mach 4 and
6 and all of the KW .B/ data for £ and C � ns and ² D 20 and 30
deg was averaged. The average value of KW .B/ at Mach 4 and 6 is
shown in Figs. 11 and 12. Figures 11 and 12 also show the SBT
value for KW .B/ .14 The SBT value drops off much fasterwith S=RLE

than the ZEUS calculations. The Appendix presents equations
for KW .B/.

Figures11 and 12 containan experimentaldatapoint from the Tri-
Service database12 for � n 51 at Mach 4.5 and ®1 D 2:5 deg. Fin 51
has ² D 26:6 deg, S=RLE D 2, and AR D 2 yielding KW .B/ D 1:64
(£ � ns) and K B.W / D 1:73 (C � ns). The error bars represent the
estimated experimental error. The experimental conditions are not
the same as the current conditions, but the agreement with the nu-
merical Mach 4 data is within 2% for £ � ns and within 7% for C
� ns.

Semivertex Angle
Figures 11 and 12 also show the effect of changing ² on KW .B/.

Recall that at Mach 4 and 6 KW .B/ is independent of ². Changing ²
at Mach 8 and 10 producesabout the same change in KW .B/ for both
£ and C � n con� gurations.The KW .B/ for ² D 30 deg is slightly less
than it is for ² D 20 deg for all � n sizes. Consequently,as ² increases
from 20 to 30 deg the lift for a given � n size decreases slightly.

Fig. 13 KW (B) as a function of S/RLE at Mach 8 and 10 for £ and +
� ns at ² = 20 deg.

Fig. 14 KW (B) as a function of S/RLE at Mach 8 and 10 for £ and +
� ns at ² = 30 deg.

Roll Orientation
Figures 13 and 14 show the effects of roll on the value of KW .B/

for ² D 20 and 30 deg, respectively. Only Mach 8 and 10 results
are shown because roll does not effect KW .B/ at Mach 4 and 6. At
Mach8, KW .B/ is about the same forboth � n con� gurations,whereas
at Mach 10, KW .B/ for £ � ns is slightly greater than it is for C � ns.
These trends are similar for both values of ². At Mach numbers less
than about 6, £ and C � n con� gurations produce about the same
lift. At Mach numbers greater than about 8, £ � ns producemore lift
than C � ns for the same � nspan. In other words, rolling the missile
45 deg increases the lift slightly at speeds above Mach 8. This is
different from the general trends stated in Ref. 2; however, here ®1
is small, where the data from Ref. 2 (see Fig. 5 of Ref. 2) show
that £ � ns produce slightly more lift than C � ns. At high ®1 , the
data given in Ref. 2 show that C � ns produce more lift than £ � ns;
consequently, the effects of roll angle on lift are in� uenced by ®1 .

Conclusions
The Euler predictionsfor KW .B/ and K B.W / show the samegeneral

trends as the SBT predictions even though the SBT predictions do
not dependon ², Mach number, or £ or C � n orientation.The carry-
over factorsvary with � n size in a mannersimilar to SBT predictions.

The analysis shows that K T
W .B/ and K B

W .B/ differ slightly, due to
interferenceof the two lower � ns on the � ow� eld around two upper
� ns. Normally, K B

W .B/ is slightly greater than K T
W .B/. Both K T

W .B/

and K B
W .B/ vary with Mach number, ², and � n con� guration. The

values of K T
W .B/ and K B

W .B/ are less than 1 and increase to their
theoretical value of 1 as S=RLE decreases to 1. As M1 increases
from 6 to 10 for a speci� c � n size, K T

W .B/ and K B
W .B/ decrease.

KW .B/ is larger than the SBT value for all � n sizes and both � n
con� gurations at Mach 4 and 6. At Mach 8 and 10, KW .B/ is larger
than the SBT value for S=RLE greater than about 2 for both � n
con� gurations. KW .B/ is always greater than 1, so that the presence
of the body produces a constructive in� uence on the wing lift.
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K B.W / decreaseswith increasing� n size at a given Mach number.
At given � n size, it is much smaller than the SBT value. The £ � ns
yield a larger K B.W / than the C � ns for the same � n size. K B.W / is
always greater than zero, so that the presence of the � ns positively
effects the body lift.

For cruise conditions, the lift producedby the body–� n combina-
tion is a slight function of the roll angle. At lower Mach numbers,
body–� n combinations with £ and C � ns produce about the same
lift, whereas at higher Mach numbers body–� n combinations with
£ � ns create more lift than body–� n combinationswith C � ns. For
the body, £ � ns always produce slightly more body lift than the C
� ns. In general,a body–� n combinationswill produceslightlymore
lift at a roll angle of 45 deg than it does at a roll angle of zero.

Appendix: Equations and Tables
The Appendixpresents the equationsthat � t the KW .B/ and K B.W /

data shown in Figs. 9–12. The equationsare 4th-degreepolynomials
of the form

F D A0 C A1x C A2x2 C A3x3 C A4x4 (A1)

where x D S=RLE and F is the carryover factor of interest. The
equations are accurate to within 1% for 1:4 · x · 5. Recall that the
numerical data are not accurate at S=RLE · 1:4. Table A1 gives the
coef� cients for the equations for K T

W .B/ and K B
W .B/

(Fig. 9) as a
function of S=RLE for ² D 20 deg.

Table A2 gives the coef� cients for the equations for K T
W .B/ and

K B
W .B/

(Fig. 10) as a function of S=RLE for ² D 30 deg.
Table A3 gives the coef� cients for the equationsfor KW .B/ for the

£ � ns as a function of S=RLE for ² D 20 and 30 deg (Fig. 11). At
Mach 4 and 6 the equation is independentof ² and � n orientation.

Table A4 gives the coef� cients for the equationsfor KW .B/ for the
C � ns as a function of S=RLE for ² D 20 and 30 deg (Fig. 12). At
Mach 4 and 6 the equation is independentof ² and � n orientation.

Table A5 givesvalues for K B.W / for the £ and C � ns as a function
of S=RLE for ² D 20 deg (Fig. 7). The ZEUS data for S=RLE less
than 1.4 are not shown because they become inaccurate due to the
small number of points on the � n.

Table A6 givesvalues for K B.W / for the £ and C � ns as a function
of S=RLE for ² D 30 deg (Fig. 8). The ZEUS data for S=RLE less

Table A1 Coef� cients for KT
W (B) and KB

W (B) £ £ £ � ns, ² = 20 deg

Coef� cients

Factor M1 A0 A1 A2 A3 A4

K T
W .B/

4 1.282C 0a ¡4.677 ¡ 1 1.569 ¡ 1 ¡2.710¡ 2 1.828 ¡ 3
K T

W .B/
6 1.322C 0 ¡5.284 ¡ 1 1.832 ¡ 1 ¡3.093¡ 2 1.996 ¡ 3

K T
W .B/

8 1.254C 0 ¡5.238 ¡ 1 1.990 ¡ 1 ¡3.618¡ 2 2.480 ¡ 3
K T

W .B/
10 1.191C 0 ¡5.259 ¡ 1 2.154 ¡ 1 ¡4.157¡ 2 2.994 ¡ 3

K B
W .B/

4 1.224C 0 ¡3.504 ¡ 1 9.805 ¡ 2 ¡1.421¡ 2 8.363 ¡ 4
K B

W .B/
6 1.207C 0 ¡3.484 ¡ 1 1.054 ¡ 1 ¡1.648¡ 2 1.019 ¡ 3

K B
W .B/

8 1.038C 0 ¡2.381 ¡ 1 6.964 ¡ 2 ¡1.068¡ 2 6.583 ¡ 4
K B

W .B/
10 9.440¡ 1 ¡1.951 ¡ 1 5.759 ¡ 2 ¡8.236¡ 3 4.282 ¡ 4

a EC00 is indicated by C0.

Table A2 Coef� cients for KT
W (B) and KB

W (B) £ £ £ � ns, ² = 30 deg

Coef� cients

Factor M1 A0 A1 A2 A3 A4

K T
W .B/

4 1.264C 0a ¡4.223 ¡ 1 1.287 ¡ 1 ¡1.992¡ 2 1.211 ¡ 3
K T

W .B/
6 1.326C 0 ¡5.558 ¡ 1 2.016 ¡ 1 ¡3.537¡ 2 2.364 ¡ 3

K T
W .B/

8 1.254C 0 ¡5.480 ¡ 1 2.168 ¡ 1 ¡4.085¡ 2 2.884 ¡ 3
K T

W .B/
10 1.163C 0 ¡5.010 ¡ 1 2.043 ¡ 1 ¡3.959¡ 2 2.875 ¡ 3

K B
W .B/

4 1.289C 0 ¡4.445 ¡ 1 1.439 ¡ 1 ¡2.357¡ 2 1.511 ¡ 3
K B

W .B/
6 1.224C 0 ¡3.941 ¡ 1 1.270 ¡ 1 ¡2.076¡ 2 1.327 ¡ 3

K B
W .B/

8 1.035C 0 ¡2.538 ¡ 1 7.338 ¡ 2 ¡1.074¡ 2 6.138 ¡ 4
K B

W .B/
10 9.609¡ 1 ¡2.405 ¡ 1 7.834 ¡ 2 ¡1.242¡ 2 7.416 ¡ 4

a EC00 is indicated by C0.

Table A3 Coef� cients for KW (B) £ ££ � ns, ² = 20 and 30 deg

Coef� cients

² M1 A0 A1 A2 A3 A4

20, 30 4 2.594C 0a ¡9.058¡ 1 2.894¡ 1 ¡4.705¡ 2 3.006¡ 3
20, 30 6 2.496C 0 ¡8.557¡ 1 2.845¡ 1 ¡4.749¡ 2 3.076¡ 3
20 8 2.292C 0 ¡7.619¡ 1 2.686¡ 1 ¡4.686¡ 2 3.139¡ 3
20 10 2.135C 0 ¡7.209¡ 1 2.730¡ 1 ¡4.981¡ 2 3.422¡ 3
30 8 2.290C 0 ¡8.018¡ 1 2.902¡ 1 ¡5.158¡ 2 3.498¡ 3
30 10 2.124C 0 ¡7.415¡ 1 2.826¡ 1 ¡5.200¡ 2 3.617¡ 3
a EC00 is indicated by C0.

Table A4 Coef� cients for KW (B) + � ns, ² = 20 and 30 deg

Coef� cients

² M1 A0 A1 A2 A3 A4

20, 30 4 2.594C 0 ¡9.058¡ 1a 2.894¡ 1 ¡4.705¡ 2 3.006¡ 3
20, 30 6 2.496C 0 ¡8.557¡ 1 2.845¡ 1 ¡4.749¡ 2 3.076¡ 3
20 8 2.068C 0 ¡5.157¡ 1 1.681¡ 1 ¡2.878¡ 2 1.934¡ 3
20 10 1.747C 0 ¡3.393¡ 1 1.018¡ 1 ¡1.556¡ 2 9.266¡ 4
30 8 2.104C 0 ¡6.061¡ 1 2.114¡ 1 ¡3.785¡ 2 2.637¡ 3
30 10 1.747C 0 ¡3.393¡ 1 1.018¡ 1 ¡1.556¡ 2 9.266¡ 4

a EC00 is indicated by C0.

Table A5 KB(W ), ² = 20, + and ££ £ � ns

C Fins M1 £ Fins M1

S=RLE 4 6 8 10 4 6 8 10

1.00 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
1.40 0.211 0.282 0.405 0.541 0.500 0.493 0.648 0.710
1.50 0.185 0.232 0.328 0.433 0.379 0.373 0.492 0.541
1.60 0.181 0.206 0.276 0.361 0.319 0.308 0.396 0.436
1.70 0.176 0.187 0.247 0.309 0.277 0.266 0.330 0.364
1.80 0.176 0.174 0.219 0.283 0.255 0.236 0.287 0.321
1.90 0.176 0.165 0.203 0.254 0.239 0.216 0.259 0.287
2.00 0.178 0.162 0.190 0.230 0.230 0.206 0.235 0.257
2.20 0.181 0.153 0.169 0.201 0.217 0.188 0.205 0.222
2.40 0.185 0.149 0.156 0.181 0.213 0.177 0.185 0.198
2.60 0.189 0.148 0.148 0.165 0.211 0.171 0.171 0.181
2.80 0.192 0.147 0.141 0.154 0.210 0.168 0.163 0.167
3.00 0.195 0.148 0.138 0.146 0.210 0.166 0.156 0.158
3.50 0.200 0.148 0.131 0.131 0.209 0.162 0.147 0.142
4.00 0.201 0.150 0.127 0.122 0.207 0.162 0.140 0.133
4.50 0.200 0.152 0.126 0.117 0.205 0.162 0.138 0.128
5.00 0.198 0.154 0.127 0.116 0.201 0.162 0.138 0.126

Table A6 KB(W ), ² = 30, + and ££ £ � ns

C Fins M1 £ Fins M1

S=RLE 4 6 8 10 4 6 8 10

1.00 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
1.40 0.174 0.251 0.357 0.501 0.615 0.564 0.757 0.764
1.50 0.151 0.200 0.296 0.421 0.440 0.411 0.551 0.573
1.60 0.137 0.188 0.262 0.340 0.337 0.327 0.439 0.457
1.70 0.131 0.159 0.220 0.292 0.281 0.271 0.350 0.378
1.80 0.128 0.149 0.200 0.270 0.243 0.235 0.305 0.329
1.90 0.126 0.133 0.178 0.239 0.217 0.204 0.262 0.286
2.00 0.123 0.125 0.165 0.215 0.197 0.183 0.232 0.253
2.20 0.122 0.117 0.145 0.182 0.175 0.160 0.189 0.208
2.40 0.122 0.110 0.130 0.161 0.162 0.143 0.166 0.183
2.60 0.124 0.105 0.121 0.145 0.155 0.132 0.150 0.160
2.80 0.127 0.103 0.111 0.130 0.152 0.126 0.135 0.146
3.00 0.128 0.101 0.106 0.122 0.149 0.122 0.127 0.135
3.50 0.134 0.099 0.096 0.106 0.148 0.115 0.111 0.116
4.00 0.138 0.100 0.091 0.096 0.148 0.112 0.104 0.104
4.50 0.140 0.100 0.088 0.089 0.148 0.111 0.099 0.096
5.00 0.142 0.101 0.086 0.084 0.148 0.110 0.096 0.092
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than 1.4 are not shown because they become inaccurate due to the
small number of points on the � n.
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