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Nonlinear Aeroprediction Methodology
for Roll Position of 45 Degrees

F. G. Moore¤ and R. M. McInville†

U.S. Naval Surface Warfare Center, Dahlgren, Virginia 22448-5000

The U.S. Naval Surface Warfare Center, Dahlgren Division, aeroprediction code has been extended to the roll
position of 45 deg (or � ns in cross or x orientation). New technology developed and discussed includes wing-body
and body-wing interference factors for this roll orientation and to angles of attack of 90 deg; approximatemethods
to estimate wing-alone center of pressure shift at high angles of attack and 45 deg roll position; and � n choking
at high Mach number. This new technology allows aerodynamics to be estimated with average accuracy levels of
§ 10% on normal and axial force coef� cients and § 4% of body length on center of pressure. Exceptions to these
accuracy levels are at subsonic Mach number and high angle of attack, where wind-tunnel sting interference effects
are present, and at high Mach number and angle of attack, where internal shock interactions from a forward � n
onto an aft-mounted � n are present. Results are presented for several wing-bodyand wing-body-tailcon� gurations
at various Mach numbers and angles of attack to support this average accuracy level conclusion.

Nomenclature
AR = aspect ratio D b2=AW

AREF = reference area (maximum cross-sectionalarea
of body, if a body is present, or planform area
of wing, if wing alone), ft2

AW = planform area of wing in cross� ow plane, ft2

a = speed of sound, ft/s
b = wing span (not including body), ft
C A = axial force coef� cient
CM = pitching moment coef� cient (based on

reference area and body diameter, if body
present, or mean aerodynamic chord, if wing
alone)

CN = normal-force coef� cient
CNB = normal-force coef� cient of body alone
CNB.V /

= negative afterbody normal-force coef� cient
due to canard or wing-shed vortices

CNB.W /
, CNB.T /

= normal-force coef� cient on body in presence
of wing or tail

CNT .V /
= negative normal-force coef� cient component

on tail due to wing or canard-shed vortex
CNW = normal-force coef� cient of wing alone
CNW .B/

= normal-force coef� cient of wing in presence
of body

CN® = normal-force coef� cient derivative
.CN® /L = linear component of normal-force coef� cient

derivative
.CN® /N L = nonlinear component of normal-force

coef� cient derivative
C1; C2 = dimensionless empirical factors used in

nonlinear model of kW .B/ to approximate
effects due to high angle of attack or control
de� ection

cr = root chord, ft
ct = tip chord, ft
dREF = reference body diameter, ft
K B.W /; K B.T / = ratio of additional body normal-force

coef� cient in presence of wing or tail to that of
wing or tail alone at ± D 0 deg
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[K B.W /]MIN = minimum value of K B.W / as percent of
slender-body theory value

K B1 = lowest value of [K B.W /]MIN for 8 D 45 deg
KW .B/; KT .B/ = ratio of normal-force coef� cient of wing or tail

in presence of body to that of wing or tail
alone at ± D 0 deg

kB.W /; kB.T / = ratio of additional body normal-force
coef� cient due to presence of wing or tail at a
control de� ection to that of wing or tail alone
at ® D 0 deg

kW .B/; kT .B/ = ratio of wing or tail normal-force coef� cient in
presence of body due to a control de� ection to
that of wing or tail alone at ® D 0 deg

`B = length of body, caliber (cal) (one body
diameter) or ft

`a = afterbody length, cal or ft
M = Mach number D V=a
r = radius of body, ft
s = wing or tail semispan plus body radius in

wing-body lift methodology
V = velocity, ft/s
XC P = center of pressure (in ft or cal from some

reference point that can be speci� ed) in x
direction

® = angle of attack, deg
®W ; ®T = local angle of attack of wing or tail (® C ±, deg)
1CNB.W /

= additional normal-force coef� cient on body
due to presence of wing

± = control de� ection (deg), positive leading edge
up

¸ = taper ratio of a lifting surface D ct=cr

8 = circumferential position around body where
8 D 0 is leeward plane with � ns in plus � n
arrangement, deg

1 = freestream conditions

Introduction and Background

M ANY of the world’s missiles � y in either the roll-stabilized
position of 8 D 0 deg (or plus � n orientation) or 8 D 45

deg (or cross � n orientation). The 8 D 0 deg plane generally gives
slightly more normal force and a slightly more stable con� guration
in pitch at a given angle of attack (AOA) than does the missile rolled
to 8 D 45 deg (the physics of why this occurs is discussed in the
“Analysis” section). On the other hand, a missile in the 8 D 45
deg plane is in a roll-stable position, which means less energy is
required to maintain a constant roll orientation. Also, all four � ns
can be de� ected simultaneously,giving 30–50% more normal force
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from control de� ection than only two � ns de� ected in the 8 D 0
deg roll position.

The latest version (1995)1 of the U.S. Naval Surface Warfare
Center, Dahlgren Division, aeroprediction code, AP95, calculates
aerodynamics only in the 8 D 0 deg plane. As such, aerodynamics
at 8 D 45 deg roll must be obtained from another aerodynam-
ics code2;3 or estimated from the AP95 8 D 0 deg results. How-
ever, both Refs. 2 and 3 use the so-called equivalentAOA method,2

whereas Ref. 1 computes all the aerodynamic components directly
based on linearized theory approachesat low AOA and databasesat
high AOA. The latter approach allows good engineering estimates
of aerodynamicsto be made all the way to AOA of 90 deg, whereas
the equivalent AOA method appears to give good accuracy up to
25–30 deg AOA. It is the intent of this paper to discuss the physical
phenomena that occur at the 8 D 0 and 45 deg roll orientationsand
to summarize a semiempirical mathematical model that allows the
AP95 to be extended to the 8 D 45 deg plane. Details of this work
can be found in Ref. 4.

The AP95 is an approximate analytical aeroprediction code pri-
marily designed to provide preliminary estimates of aerodynamics
for use in particle ballistic models, trim aerodynamic models, or
structures and heat-transfer models. Static aerodynamics are gen-
erally estimated with average accuracy levels of §10% and cen-
ter of pressure (COP) within §4% of the body length. To obtain
aerodynamics estimation accuracy levels generally desired for full
six-degree-of-freedom simulations requires either a more accurate
numerical code5 or wind-tunnel data or both. As such, the AP95
does not attempt to compute out-of-the-pitch-plane aerodynamics
or coupling effects between the pitch and yaw planes. On the other
hand, if one is interested in the 8 D 45 deg plane, and control
de� ections are symmetric with respect to the pitch plane, then the
AP95 code can be modi� ed to allow aerodynamics for the 8 D 45
deg plane. These modi� cations are made in a process analogous to
the nonlinear semiempirical methodology of Ref. 1.

The overall approach to modify the AP95 code for nonlinear
aerodynamicsin the 8 D 45 deg plane thus is very similar to that for
the 8 D 0 deg plane.1;6 Linearized theories or slender body theory
(SBT) are usedfor low AOA estimates,and the databasesof Refs. 7–

10 are used to develop empirical or semiempirical corrections to
account for the nonlinearities that occur in normal force and COP
with increasing AOA.

Analysis
As indicated in the “Introduction,” the goal is to developa nonlin-

ear semiempirical model for cruciformmissiles for the 8 D 45 deg
plane. It is envisionedthat this model will be analogousto the 8 D 0
deg plane methods in AP95, except the normal force and pitching
moments due to the wing alone and interferenceaerodynamicswill
have to be derived for the 8 D 45 deg roll orientation.

Referringto the totalnormal-forcecoef� cientequationfora wing-
body-tail con� guration as given by Ref. 10, we have

CN D CNB C KW .B/ C K B.W / ®

C kW .B/ C kB.W / ±W CN® W
C KT .B/ C K B.T / ®

C kT .B/ C kB.T / ±T CN® T
C CNT .V /

C CNB.V /
(1)

The CNB.V /
term of Eq. (1), which is the downwash normal force

on the body due to the wing-shed vortices, is neglected. This is
because it is inherently included in the wind-tunnel data bases, and
it is believed the errors in trying to analytically estimate the term,
subtract it out on one con� guration, and then add it back in later on
a different con� guration, are as large or larger than the errors from
incorporating it into the K B.W / term.

Equation (1) can also be rewritten as

CN D CNB C CNW .B/
C CNB.W /

C CNT .B/
C CNB.T /

C CNT .V /
(2a)

where it is understoodthat CNB.T /
encompasses the CNB.V /

term. For
ease of implementationinto an existing code designedprimarily for
linear aerodynamics,most of the terms in Eq. (2a) are separatedinto

a linear and nonlinear contributiondue to ® or ±. For example, the
wing-body term is computed in the AP95 code as follows:

CNW .B/
D CN® L

C CN® N L W
KW .B/ SBT

C 1KW .B/ N L
® C C1 kW .B/ SBT

C C2 ±W .AW =AREF/

(2b)

The linear or small AOA terms of Eq. (2b) are estimated by linear
theory (LT) or SBT. This gives the aeropredictioncode a good fun-
damental basis for its aerodynamicestimates.The nonlinearcorrec-
tions due to higher AOA or control de� ection are estimated directly
from componentwind-tunneldatabases.7¡10 Each of the other terms
in Eq. (2a) is treated in a similar fashion to Eq. (2b) in the actual
implementation into the aeropredictioncode.

In the contextofEq. (2), we thereforeseek thenonlinearde� nition
of each of the terms in Eq. (2) for 8 D 45 deg roll. It is expected
that the body-alone term [� rst term of Eq. (2a)] will be independent
of 8. In reality, this is not necessarily the case for M < 2 and
high AOA because of the asymmetric shedding of vortices. The
mechanism of this shedding is not clear, but it is suspected that
slight imperfections in the � ow or body shape, from uniform or
axisymmetric, respectively, could contribute to this phenomenon.
At present, the aeroprediction code does not account for out-of-
plane aerodynamics, and therefore the side force created by the
asymmetric shedding of body vortices is not predicted.Also, in the
Ref. 9 data, normal force varied by about 10% as a function of roll
in the region of asymmetric vortex shedding. Instead of including
this variation, it was averaged out.

Each of the remaining terms in Eq. (2) is predicted in a fash-
ion analogous to the AP95 developed for 8 D 0 deg, except here
the quantities are for 8 D 45 deg. As already mentioned, that ap-
proach was based on LT or SBT for small values of ® and empirical
databases7¡10 to develop nonlinearcorrectionsfor large ®. As such,
it is instructive to examine the fundamental impact of roll orienta-
tion on LT and SBT before proceeding to the nonlinear corrections,
which are empirical in nature.

SBT and LT Results for Roll-Dependent Aerodynamics
References 11 and 12 were primary materials used for examin-

ing roll-dependenceimplications from slender-bodyand linearized
theories. A somewhat detailed summary of these results is given for
information purposes in Ref. 4. The summary of the key � ndings in
Ref. 4, repeated here for convenience, are as follows.

1) For cruciform wings alone or a wing-body combination, the
total normal force is independentof roll.

2) For a planar wing-body combination at roll, the loading on the
windward plane panel is greater by an amount equal to that on the
leeward planepanel.This means that if one is trying to design a code
for lateral aerodynamics,roll dependenceof each � n planform must
be considered.On theotherhand, if longitudinalaerodynamicsareof
primary interest, the total normal force on the entire wing planform
can be considered.

3) For a cruciformwing-body-tailcon� gurationat roll, eight vor-
tices (four from wings and four image) are shed in the wing-body
region, which adversely affects the tail lift. This is as opposed to
four vortices (two from wings and two image) at 8 D 0 deg.

4) The planar theory developed for wing-tail interference can be
used to approximate the loss of lift on the tails at 8 D 45 deg.

5) The aerodynamicsof a cruciformwing-body-tailcombination
with zero control de� ections are independent of roll position.

These � ndings for roll dependencefrom LT or SBT are quite use-
ful in helping plan how to develop a nonlinear aeropredictioncode
for 8 D 45 deg. Although the conclusions of LT roll dependence
may not translate to the nonlinear case, we still use the � ndings to
help guide the nonlinear code development. In particular, the item
1 conclusion implies use of the 8 D 0 deg, wing-alone data for
8 D 45 deg. This is quite important because the available wing-
alone databasesare all at 8 D 0 deg. This means that any nonlinear
wing-alone roll dependence is included in the interference factors
rather than the wing-alone solution, which is independent of 8.

The second major result of the key SBT/LT roll dependence� nd-
ings is that, for cruciformmissiles,we can use the same interference
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approachesas in the AP95, except the constantsneed to be changed
becauseof a different roll angle. The combinationof these two con-
clusions is quite important because it basically allows direct usage
of the AP95 code with different constants for the nonlinear interfer-
ence terms at 8 D 45 vs 0 deg.

The third signi� cant conclusion is that for small AOA, wing-
body-tail aerodynamics are independent of roll position. This al-
lows the use of wing-tail interference methodology designed for
planar computations for different roll orientations so long as the
proper number of vortices is considered. Again, different nonlinear
corrections are expected for the 8 D 45 vs 0 deg roll position.

Nonlinear Aerodynamics Methods
This section describes the methods used for computing the non-

linear correctionsfor each of the terms in Eq. (2). These corrections,
with the exception of the body alone, are all empirical in nature.

The wing- and body-alone methods for normal-force coef� cient
prediction are quite similar to those in Ref. 1. In Ref. 1, the wing-
alone normal force was estimated by a fourth-order equation in
AOA, with the constants chosen by the databases of Refs. 2, 7, and
8. The body-alone normal force was predicted by linearized theory
combined with a modi� ed version of the Allen Perkins viscous
cross� ow theory13 at higher AOA.

The COP of thewing at 8 D 0 deg rollwas estimatedbyLT at low
AOA and assuming the COP goes to the centroid of the presented
area at AOA D 60 deg. The body-alone COP at 8 D 0 deg was
estimated by a weighted average of linearized theory and viscous
cross� ow theory with COP shifts based on data at transonic Mach
numbers. The 8 D 45 deg body-alone COP is assumed to be the
same as that at 8 D 0 deg.

A shift in the wing-body COP at 8 D 45 deg has been derived.4

This shift is driven by the asymmetric loading that occurs on the
windward to leeward plane � ns as AOA is increased.

To visualize this effect, imagine a missile rolled to 8 D 45 deg
and increasing in AOA. As AOA increases, two things occur. First,
the windward plane � ns carry more and more of the load compared
to the leeward plane � ns. Second, the local Mach number in the
windward plane is different and typically lower than the leeward
plane. This has the effect of shifting the wing-aloneCOP forward in
the windward plane. Because the load and wing COPs are different
on the windward and leeward plane � ns, this results in a net forward
shift in the COP for a 8 D 45 deg roll compared to the 8 D 0
deg computation of Ref. 1. This shift appears to occur for all Mach
numbers, is largest at moderate AOA, and goes to zero at AOA of 0
and 90 deg. At 90 deg, the windward plane � ns carry almost all the
load compared to the leeward plane � ns, but geometrically the � ns
are all aligned perpendicular to the AOA plane.

Mathematically, this geometrical shift can be approximatedby4

.1XC P /W B D ¡ r C
b

cr C ct

cr

2
¡

ct

3

£ cos.8/ sin.2®/
0:8®

65
® · 65 deg (3a)

D ¡0:8 r C
b

cr C ct

cr

2
¡

ct

3

£ cos.8/ sin.2®/ ® > 65 deg (3b)

Equation (3) is added to the COP prediction at 8 D 0 deg (Ref. 1)
for the roll orientation of 45 deg.

Wing-Body and Body-Wing Interference due to AOA
The wing-body and body-wing interference factors were com-

puted by using a combination of the Ref. 9 database for 0:6 ·
M1 · 4:6 and the Ref. 10 database at M D 0:1. Outside these
Mach limits, extrapolationswere made to allow the methodologyto
compute aerodynamics at all Mach numbers. These extrapolations
were not as dif� cult as they may seem because normal forces and
COP have basically leveled out at M D 4:6, and further increases
in Mach number produce fairly small changes in these parameters.

The wing-body interference factor is de� ned as

KW .B/ D
CNW .B/

CNW

(4)

Here, CNW .B/
was measured directly in the database of Ref. 9 by

having the wing in close proximity to the body and measuring di-
rectly the load on the wing in the presence of the body. Because
the normal force was measured normal to a single � n, to get the
normal force on the wing in the presence of the body at 8 D 45 deg
from the data required the data to be multipliedby cos 8. To reduce
measurement errors, the data from all four � ns were averaged. No
attempt was made to correct for wind-tunnel errors near zero AOA
caused by � ow misalignments. These errors can cause the normal-
force curve to be shifted as much as a degree. This means that the
CNW .B/

accuracy could have some slight errors near zero AOA.
On the basis of the accuracy analysis of Ref. 1, fairly accurate

values of KW .B/ can be expected for all but the highest aspect ratio
where the wing planform area was only about 2% of the body plan-
form area in the cross� ow plane.CNW of Eq. (4) was arrived at from
Ref. 1, which in turn used the databases of Refs. 2, 7, and 8.

The body-wing interference factor is de� ned as

K B.W / D
CNB.W /

CNW

(5)

Unfortunately,CNB.W /
was not a quantity that was measured directly

in Ref. 7 but was computed from three other independentmeasure-
ments of body alone, wing in conjunction with the body, and total
normal force. The computation for CNB.W /

was then made by

CNB.W /
D CN ¡ CNB ¡ CNW .B/

(6)

As shown in the Ref. 1 error analysis, this process gave potential
errors that were much higher than for CNW .B/

, particularly for the
smaller wings .AR ¸ 1:0/ and higher Mach numbers .M ¸ 2:5/,
where the CNB.W /

term decreased to the point where it was within
the accuracyof the data.As a result,much more scatter in the data is
expected for this term, and more engineering judgment is required
in the empirical model development.

Unlike Ref. 9, Ref. 10 had a fairly large wing planform area com-
pared to the body planform area (approximately 60%). Moreover,
CNB.W /

was apparentlymeasured separately.Hence, CNB.W /
could be

computed based on direct measurements as well as calculated sim-
ilar to Eq. (6). Also, data were obtained all the way to ® D 90 deg
and at an r=s value of 0.25. As a result, more con� dence is placed
on the Ref. 10 body-wing interference at high AOA than the Ref. 9
data. Unfortunately, the Ref. 10 data were taken only at M1 D 0:1,
so it is hard to extrapolate it past about M1 D 0:6. Fortunately, it
complements the Mach number range of the larger Ref. 9 database
quite nicely.

Figure 1 shows one example of the many � gures in Ref. 4 for the
nonlinear variations of KW .B/ and K B.W / with AOA at M D 1:5 for
an aspect ratio of 0.5 and at 8 D 45 deg. Other Mach number and
aspect ratio resultsare given in Ref. 4. It is clear in examiningFig. 1,
and the other � gures in Ref. 4, that inclusion of the nonlinearities
in the interference factors is essential in accurately developing a
semiempirical nonlinear aeropredictioncode. Reference4 does this
similarly to Ref. 1, where a mathematicalmodel is developedbased
on SBT/LT plus deviation of SBT/LT based on data. That is,

KW .B/ D KW .B/ SBT
C 1KW .B/.®; M; AR; ¸/

K B.W / D K B.W / SBT
LT

C 1K B.W /.®; M; AR; ¸/
(7)

The functions 1KW .B/ and 1K B.W / are de� ned by 11 tables in
Ref. 4.

In examining the nonlinear models for KW .B/ and K B.W / , it is in-
structiveto try to correlatethemathematicalmodelswith thephysics
of the � ow. The wing-body interference factor is somewhat eas-
ier to understand than the body-wing interference. The wing-body
experimentaldata show that, at low AOA, slender-bodytheorygives
a reasonable prediction of KW .B/ for 8 D 45 deg. As AOA is in-
creased, KW .B/ starts decreasingand in some cases decreasesbelow
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Fig. 1 Wing-body and body-wing interference factors as a function of
AOA (M1 = 1.5, r/s = 0.5).

its wing-alonevalue.As AOA increases,KW .B/ approachesitswing-
alone value. As Mach number increases, the positive interference
lift on the wing, caused by the presenceof the body, is lost faster and
faster as AOA increases. That is, the wing-alone solution is recov-
ered much faster at high Mach number, as AOA increases, than at
low Mach number.This is believed to be the result of the Newtonian
impact mechanism where, at high Mach number, the momentum of
the air particle is lost almost entirely upon direct impact on a sur-
face, as opposed to wrapping around the surface and carrying some
of the momentum with it, as at low Mach numbers.

The K B.W / model contains body vortex effects, nose- and wing-
to-wing shock effects, and the usual added dynamic pressure of
the body caused by the presence of the wing. The present direct
approach of modeling these effects simultaneously neglects some
of the scale effects caused by the position of the wing on the body.
The alternative to this approach is to attempt to estimate each of the
physical effects analytically, subtract them out of the data, and then
add them back in by using the same analytical approach but for a
different con� guration.2

In general, K B.W / decreasesas AOA increases.However, a certain
amount of lift or force enhancement is gained all the way to ® D 90
deg for low Mach numbers, as shown in Fig. 2. This phenomenon
is assumed to occur all the way to M D 6:0 based on extrapolated
data from the point where experimental data end.4

Additional higher AOA data above ® D 40 deg are needed for
both KW .B/ and K B.W / to modify the assumed extrapolationsof the
models for KW .B/ and K B.W / at high AOA. However, until additional
data are available, the approximatenonlinearmodels for KW .B/ and
K B.W / can be used to estimate aerodynamics for engineering use.
This statement will be validated for a limited set of � ight conditions
in a later section.

Two of the key issues associated with de� ning the functions
1KW .B/ and 1K B.W / are the variationswith r=s and internalshocks.
Most of the data available9 are for r=s D 0:5 with only one set of
lifting surfaces present. This means that any nonlinearities associ-
ated with r=s and internal shocks from forward to rearward lifting
surfaces have to be modeled separately or not included. The most
critical of these issues appeared to be the minimum value of K B.W /

at high AOA.
Figure 2 represents the treatment of [K B.W /]MIN for both the 8 D

0 deg and the 8 D 45 deg roll positions. This � gure was derived
based on the Ref. 9 and 10 databases for r=s D 0:5 and numerical
experiments for other r=s cases. Referring to Fig. 2, note that for
r=s · 0:2, 8 D 0 deg, there is a difference in the minimum value
of K B.W / depending on whether there is an afterbody present or
not, whereas for r=s ¸ 0:5 there did not appear to be. It should
be remembered that [K B.W /]MIN is given as a fraction of SBT in
Fig. 2. Thus, a value of 1.0 at r=s D 0:2 in Fig. 2 gives a value of
[K B.W /]MIN of 0.27, whereas a value of 0.5 for r=s D 0:5 gives a
value of [K B.W /]MIN of 0.4. Also note that [K B.W /]MIN appeared to

Fig. 2 Minimum value of body-wing interference factor at high AOA.

approach zero at high Mach number. More data or computational
� uid dynamics are needed to more precisely de� ne Fig. 2.

Of equal importance in Fig. 2 is the lower curve for 8 D 45 deg.
Note that [K B.W /]MIN is one-half to one-quarter of that for 8 D 0
deg. This lower value of K B.W / appears to be the main reason many
missiles have lower normal forces � ying at 8 D 45 deg than at
8 D 0 deg, particularly if r=s is fairly high (0.4 or greater). Note
also the fact that � n choking is given a separate label for low r=s
and 8 D 45 deg.

Fin choking is a phenomenon similar to what occurs when an
inlet becomes unstartedor a wind tunnel achieves its maximum rate
of � ow (an increase in power produces no more mass � ow through
the inlet). As the body increases in AOA with the � ns oriented in
the £ or cross orientation, the � ow between the � ns will eventually
choke at some AOA and at moderate to large supersonicMach num-
bers. When this happens, a strong shock is formed just in front of
the � n,14;15 producing a high-pressure region on the � ns and body.
This high-pressureregion is shifted forward from where it would be
if supersonic � ow occurred through the � ns. Whereas the absolute
value of pressure on the body is higher than for the unchoked � ow,
it occurs over a much smaller region and hence gives only slightly
higher body-wing interferencelift. Modi� ed Newtonian theory was
used in Ref. 4 to de� ne the region where � n choking occurred. It
was found that � n choking appeared to occur on wing-dominated
(small r=s) con� gurations at 8 D 45 deg roll but not on body-
dominated con� gurations (large r=s). A fairly thorough discussion
of other internal shock interactions was also given in Ref. 4. Suf-
� ce it to say that additional work is still needed before internal
shock interactionscan be completelymodeled with a semiempirical
code.

Wing-Body and Body-Wing Interference
Due to Control De� ection

The same generalapproach,with slight modi� cations, to the non-
linear model of Ref. 1 for 8 D 0 deg roll is used for the 8 D 45 deg
roll position. In the Ref. 1 method, kW .B/ and kB.W / were approxi-
mated by

kW .B/ D C1.M/ kW .B/ SBT
C C2.j®W j; M / (8)

kB.W / D kB.W / SBT
(9)
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Fig. 3 Qualitative trend of wing-body interference due to control de-
� ection as function of M 1 and ®W .

The parametersC1 and C2 were derived based on numerical experi-
ments of theAP95 comparedto data.This numericalde� nitionofC1

and C2 was requiredbecause many of the � ns in the Ref. 9 database
were too small to allow accurate estimates of kW .B/ as a function of
parameters of interest. As a result, total missile load data were used
and empirical values of C1 and C2 were estimated as a function of
combined local AOA of the wing j® C ±j and Mach number. The
tables of C1 and C2 for 8 D 45 deg are given in Ref. 4.

In examining the constants and model of Ref. 4, several phys-
ical phenomena occur that are modeled in a semiempirical sense
by Eqs. (8) and (9). These phenomena are qualitatively shown in
Fig. 3. At low Mach number, Fig. 3 indicates the SBT gives a low
value of kW .B/ for small values of ®W . At a value of ®W of about 25
deg, the controls lose effectiveness as a result of a combination of
stall and blow-by effects due to the separationbetween the wing and
body. At an ®W of about 55 deg, the controls have lost all effective-
ness. At Mach numbers greater than about 4, the controls initially
generate less effectiveness than is generated by SBT for values of
®W up to about 20 or 25 deg. The controls then become more ef-
fective because of nonlinear compressibility effects. On the other
hand, at an ®W of around 45–50 deg, the controls once again be-
gin to lose effectiveness,presumably because of shock interactions
and blow-by effects. For Mach numbers in between subsonic and
high supersonic, kW .B/ has behavior in between the two extremes
illustrated in Fig. 3.

In comparing the nonlinear control de� ection models for 8 D 0
and 45 deg roll in Ref. 4, a lot of similarity is seen. The constants
for 8 D 45 deg are slightly different from those for 8 D 0 deg
and the values of ®W where the nonlinearities begin are somewhat
different. However, by and large, Eq. (8) holds for both the 8 D 0
and 45 deg roll cases. In Ref. 1, mostly linear variations of kW .B/

with ®W were used. However, these have been improved upon for
the 8 D 45 deg case with cubic � ts of control de� ection data. As
such, all nonlinear effects are included in the variations of kW .B/ as
a function of Mach number and j® C ±j. Also note that kW .B/ and
kB.W / are multipliedby

p
2 to indicate that all four � ns are assumed

to be de� ected by an equal amount in the 8 D 45 deg roll position.
Reference4 also derivednew semiempiricalmodels for wing-tail

interference.This new wing-tail methodologywas given in Ref. 15
and thus is not discussed in detail. Suf� ce it to say that the new
methodologywas derivedbasedon SBT at low AOA and a nonlinear
semiempirical method for higher AOA. However, the comparisons
with data in the next section have the new wing-tail interference
model included when the con� guration has two sets of lifting sur-
faces present.

Results and Discussion
The new nonlinear aeroprediction methodology for the 8 D 45

deg roll position has been validated against many con� gurations
within and outside the databases upon which the methodology was
developed. Reference 4 gives results for seven wing- or tail-body
cases and � ve wing- or canard-body-tailcases. Three cases are cho-
sen here to illustrate the accuracy of the new methodology as well
as remaining problems in the state-of-the-art in both experimental
testing and semiempiricalcode development.Two of these cases are

Fig. 4 Normal-force coef� cient comparisons of theory and experi-
ment.

given in Ref. 4 in more detail, and the third case has not been shown
previously for the 8 D 45 deg roll aerodynamics.

The � rst of these cases is from Ref. 16 and is referred to as the
air-slew-demonstrator-vehicle. Data were availableat 8 D 0 and 45
deg roll at M D 0:6¡1:3 and to AOA D 90 deg. Figure 4 shows the
con� guration schematicallyand the normal-forcecoef� cient results
for M D 0:6, 0.9, and 1.3. This case was chosen for several reasons.
First, it illustrates the accuracy of the code at 8 D 0 and 45 deg
at moderate subsonic Mach numbers to AOA D 90 deg. Second,
it illustrates a problem encountered in validating the code at sub-
sonic and transonic Mach numbers based on wind-tunneldata. This
problem is wind-tunnel model sting interference.

Reviewing some of the wind-tunnel model support interference
literature,15¡21 several conclusions were reached. These were that
1) for low Mach number, the problems of estimating interference
effects of a strut or sting mount on the model aerodynamics at
high AOA are not known precisely—this is still true today; 2) the
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preferable mount between a sting and a strut at high AOA is the
sting; 3) the sting tends to give positive interference (CN too high)
and the strut gives negative interference (CN too low).

The affected region seems to be in the AOA range 30–80 deg.
Sting CN values can be high by as much as 10–15%, and strut CN

values for struts mounted in the midbody region can be low by as
much as 25–30%. For these reasons, the improved aeroprediction
code 1995 (IAP95) methodologyis intentionallydesigned to under-
predict normal force on con� gurations at subsonic Mach numbers
at high AOA, where test data are from a sting mount; therefore, it
is also expected that predictions will be higher than those from a
strut-mounted model. The under/overprediction problem on CN at
high ® appears to go away at Mach numbers slightly greater than
one. This reduction in sting interference effects as Mach number
increases is suspected to be a result of reduction in the upstream
in� uence of the sting on the body and reduction of the wake effect
on the body (strut mount).

Fig. 5a Air-to-air missile con� guration used in validation (from
Ref. 22).

Fig. 5b Axial, normal, and pitching moment coef� cient comparison of theory and experiment.

Fig. 5c Axial, normal, and pitching moment coef� cient comparison of theory and experiment.

Fig. 5d Axial, normal, and pitching moment coef� cient comparison of theory and experiment.

Because the Fig. 4 con� guration was mounted in the tunnel with
a strut, the strut mount is suspected to be the major reason for over-
predictionof the IAP95 methodologycompared to data at M D 0:6
and 0.9 and AOA > 50 deg. Although COP predictions are not
shown, results are within the §4% of body-length goal at all AOA
and Mach numbers. This implies that any loss of normal force due
to the strut is distributedall along the body. Also, if one excludes the
AOA > 50 deg comparison at M D 0:6 and 0.9, where wind-tunnel
measurement errors are in question, the IAP95 is well within the
§10% accuracy goal on normal force as well.

The last two con� gurations considered in the validation process
utilize all the new nonlinear methodology developed for the 8 D 0
and 45 deg roll orientations. The � rst of these is a version of the
Seasparrow missile as shown in Fig. 5a, with wind-tunnel results
taken from Ref. 22. This con� guration has fairly large wings and
tails, with the wings used as the control. Data were taken at Mach
numbers of 1.5, 2.0, 2.35, 2.87, 3.95, and 4.63. Figures 5b, 5c, and
5d give comparisons of the IAP95 with the data at M D 1:5, 2.87,
and 4.63, respectively.Results are shown for control de� ections of
10 deg for M D 1:5 and 20 deg for M D 2:87 and 4.63. Also, all
results for the 8 D 0 and 45 deg roll positions are shown. Several
comments are in orderwith respect to the overall comparisons.First,
the IAP95 model achieves its goal of predicting an average accu-
racy of C A, CN of §10% and XC P of §4% `B on this con� guration
at the 8 D 0 and 45 deg roll positions. Second, CN is predicted
equally well at 8 D 0 and 45 deg. However, CM is predicted better
at 8 D 45 deg than at 8 D 0 deg becauseof the COP shift discussed
earlier.No such shift has been appliedat 8 D 0 deg. Apparentlyone
is needed, but the physical justi� cation for it is not clear. As seen in
the pitching-momentpredictionsfor the 8 D 0 deg roll orientation,
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the IAP95 in general is slightly too stable. The third point is that the
C A prediction is slightly better for the 8 D 0 deg roll orientation
than the 8 D 45 deg position. Apparently, the factor of

p
2 applied

to the � ns for the control-de�ection component of axial force is
quite adequate at low AOA at all Mach numbers, as shown in the
� gures. However, at high AOA, this factor appears to be too high at
the lower supersonic Mach numbers and too low at the higher su-
personicMach numbers. It is suspected that, at the lower supersonic
Mach numbers, only the � ns in the windward plane should have the
full factor of

p
2, whereas those in the leeward plane should have

a lower factor. For high supersonic conditions, it is suspected the
bow shock and internal shock interactionsactually add to the factor
of

p
2. An empirical model for the control-de�ection componentof

C A to account for this physics would improve the C A comparison,
but time did not permit this effort.

The � nal point to be made is concerning the high Mach number
and high AOA conditions in Fig. 5. Note that the pitching moment
suddenly loses stability above AOA of 30 deg and 8 D 0 deg roll at
M D 4:63. The normal force also decreasessomewhat. It is believed
this may be because of internal shock waves from the bow shock
and wing shock intersecting the tail, causing a loss of tail lift and a
sudden decrease in stability.No accountingof these internal shocks
from a forward-mounted � n to an aft-mounted � n is made in the
IAP95. Note that above AOA D 70 deg, although the results are
not shown, the IAP95 predictions for pitching moment agree quite
well with the data. Apparently the internal shock interactions are
important between AOA of about 30–60 deg.

The last con� gurationchosenfor validationof the new methodol-
ogy against wind-tunnelresults is shown in Fig. 6a. The data as well
as DATCOM3 results are taken from Ref. 23. The control is from
the canards. The con� guration is over 22 calibers long with aspect
ratio tails of 0.9 and canards of 1.57. Data were taken for a Mach
number of 0.2 but to AOA of 50 deg with control de� ections of 0
and §20 deg. The C20 deg control de� ection case is illustrated in
Fig. 6b. Both the IAP95 and missile DATCOM results from Ref. 23
are shown along with the data for the 8 D 45 deg roll only. In gen-
eral, the IAP95 gives very good comparisonswith data and appears
to exhibit most of the nonlinearitiesof the data. The IAP95 predic-
tions and missileDATCOM resultsgive reasonablygood agreement
with data. Reference 1 compared the AP95, missile DATCOM, and
data for this same case at 8 D 0 deg roll. The AP95 results were
about as good at 8 D 0 deg as at 8 D 45 deg. However, the missile
DATCOM gave better results compared to data at 8 D 45 vs 0
deg. It is not known whether this statement holds true in general,
however.

Fig. 6a Canard-controlled missile con� guration (all dimensions in
inches, full scale).

Fig. 6b Axial, normal, and pitching moment coef� cient comparisons of theory and experiment (M = 0.2 and U = 45 deg).

Summary, Conclusions, and Recommendations
New technology has been developed to allow engineering esti-

mates of aerodynamics of most tactical weapon concepts for the
8 D 45 deg roll position (� ns oriented in £ or cross-� n arrange-
ment). New technology developed for the 8 D 45 deg roll position
and discussed in this paper includes the following:

1) Nonlinear wing-body and body-wing interference factor
methodology due to AOA and control de� ection.

2) An approximate method to estimate wing-alone shift in COP
at 8 D 45 deg and high AOA.

3) An approximate method to account for � n choking at high
Mach number and AOA.

This new technology, along with the 8 D 0 deg methodology of
Ref. 1, now allows trimaerodynamicsto be computedin the two roll-
stabilizedplanes that most of the world’s missiles � y. The databases
upon which the methodologywas based were limited in Mach num-
ber to 4.5 and AOA of 40 deg. However, engineering judgment and
other data were used to allow calculations to be performed to AOA
of 90 deg and Mach numbers up to 20 for axisymmetric solid rocket
weapons with up to two sets of lifting surfaces.

Based on the new methodology and computations to date, the
following conclusions are made.

1) The two primary reasons missile normal forces are lower at
8 D 45 deg than at 8 D 0 deg are that the minimum value of body
carryover lift at high AOA is lower for 8 D 45 deg than 8 D 0
deg. The larger the value of r=s, the more differencebetween these
minimumvalues. If the con� gurationhas two setsof liftingsurfaces,
the wing-tail interferenceis higher forAOA > 20 deg for the 8 D 45
deg plane than for the 8 D 0 deg plane, also contributing to a lower
normal force for 8 D 45 deg and a less stable con� guration.

2) At high AOA, KW .B/ approaches 1.0 for most Mach numbers;
K B.W / approaches some minimum value that is a function of r=s
and Mach number; and kW .B/ and kB.W / are nonlinear in total local
AOA on the wing and are functionsof Mach number and total AOA
on the wing.

3) Fin choking appears to be more of a problem on larger � n
(small r=s) con� gurations at 8 D 45 deg than on smaller � n cases
(large r=s).

4) For Mach numbers less than one and AOA > 30 deg, it is not
clear what the correct values of experimental normal force are for
a given con� guration based on wind-tunnel results available in the
literature.

5) Internal shock interactionsbetween forward-mountedand aft-
mounted � ns become increasinglyimportantas both AOA andMach
number increase. The current methodology does not account for
these effects.

6) In general, § 10% average accuracy has been maintained for
both normal- and axial-force coef� cients and § 4% of body length
for COP in the 8 D 45 deg roll position. Exceptions to this are
at subsonic Mach number and high AOA where data accuracy is
in question and at high Mach number and high AOA for con� gu-
rations that have two sets of lifting surfaces where internal shock
interactions may be a problem.

7) The current overall approach of using linear theory, slender-
body theory, or second-order theory for low AOA aerodynamics
and estimating the nonlinear aerodynamic terms individually and
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directly from wind-tunnel databases appears to be the key to the
average accuracy levels mentioned earlier.

Based on this and previous research,1;6 the following recommen-
dations are made for additionalwork.

1) Additional wind-tunnel measurements or computational � uid
dynamics cases need to be made to help de� ne nonlinearitiesof the
interference effects as a function of r=s.

2) A method is needed to accurately correct wind-tunnel data at
subsonic Mach number and high AOA for sting- or strut-mounting
effects.

3) An engineering method is needed to estimate internal shock
interaction effects for high AOA and Mach number.

4) Any future wind-tunnel test for measuring componentaerody-
namics shouldbe done with liftingsurfaces large enoughto separate
out body and wing lift accurately, with wings mounted in the mid-
dle of the body and, preferably, with simultaneous measurements
of body forces in conjunction with the wing and wing forces in
conjunction with the body. This would allow more accurate deter-
mination of the interference terms directly, without subtraction of
two large numbers to obtain a small term.
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