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Application of the 1998 Version of the Aeroprediction Code

F. G. Moore,¤ R. M. McInville,† and T. C. Hymer‡

U.S. Naval Surface Warfare Center, Dahlgren, Virginia 22448-5100

The U.S. Naval Surface Warfare Center aeroprediction code has been extended to the roll position of 45 deg (� ns
in “ £ ” or cross-roll orientation) in addition to the roll position of 0 deg (� ns in “ ” or plus-roll orientation). It
has also been extended to compute aerodynamics of nonaxisymmetricbodies based on an equivalent axisymmetric
body. In addition, the nonlinear aerodynamic loads have been distributed over the body and lifting surfaces to
provideamore useful tool for preliminary structural analysis.Finally,new technologywas developed to improvethe
predictionof axialforceat angleof attack.These new technologieshavebeen integrated into the1995Aeroprediction
Code (AP95) and will be transitioned to legitimate users as the 1998 Aeroprediction Code (AP98). To make the
AP98 more user friendly, an upgraded pre- and postprocessing, personal-computer interface was also developed.
The theoretical methods of the AP98 are summarized, and a sample is shown of the comparisons of the AP98
predictions of static aerodynamics for several missile con� gurations to experimental data. Comparisons of theory
and experiment show that theAP98,on average, is at least as goodas the AP95 and, in general, maybe slightlybetter.

Nomenclature
a; b = semimajor and semiminor axes, respectively,

of ellipse
b = wing span (not including body), ft
C A = axial-force coef� cient
CL = lift coef� cient
C`P = roll-damping moment coef� cient
CM = pitching-moment coef� cient (based on

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

CMq C CM® = pitch-damping moment coef� cient
CN = normal-force coef� cient
CNB = normal-force coef� cient of body alone
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 .B/
; CNT .B/

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

CN® = normal-force coef� cient derivative
CnP®

= magnus moment coef� cient derivative
k; k1 = parameters used to de� ne corner radius for

squares and triangles, k D rn=Wm ; k1 D rn=W
` = body length
M1 = freestream Mach number
r = local body radius, ft
rn = corner radius of a rounded corner on square

or triangle
W; Wm = diameter and maximum diameter, respectively,

of a triangle or square as measured normal to
the velocity vector

x; y; z = axis system � xed with x along centerline of
body, y out right wing when viewed from rear

® = angle of attack, deg
±W ; ±T = de� ection of wing or tail surfaces (deg),

positive leading edge up
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8 = roll position of missile � ns: 8 D 0 deg
corresponds to � ns in the plus (C) orientation;
8 D 45 deg corresponds to � ns rolled to the
cross (£) orientation

Introduction

T HE U.S. Naval Surface Warfare Center Aeroprediction Code
(APC)hasbeendevelopedfrom its inceptionin 1972 (Ref. 1) to

thepresenttime with a primaryobjective.This objectiveis to provide
the aerodynamicistwith a set of reasonablyaccurate aerodynamics
in a cost effective and timely manner. The original application uses
of the earlier versions of the APC [AP72 (Ref. 1), AP74 (Ref. 2),
AP77 (Ref. 3), and AP81 (Ref. 4)] were to provideinputs to particle-
ballistic or trim-performancemodels and to be used in aerodynamic
design optimization. As weapons � ew faster and to higher angles
of attack (AOA), the code applicationuses includedconvectiveheat
transferinputs[AP93 (Ref. 5) andAP95 (Ref. 6)] and,more recently,
nonlinear loads for structural beam analysis [AP98 (Ref. 7)]. Dur-
ing the development of the APC over the past 27 years, many new
technologies1¡21 have been developed to meet the ever-changing
� ight requirements. These � ight requirements include Mach num-
bers 0–15, AOAs to 90 deg, controlde� ectionsof 0 to §30 deg, trim
roll orientation of 0 or 45 deg (� ns in C or £ roll orientations, re-
spectively), and bodygeometry that is axisymmetricor asymmetric.

The objective, application uses, and requirements for the AP98
are as follows: The objective for APC is to predict aerodynamics
cost effectively and with reasonable accuracy over the � ight enve-
lope of interest to weapons designers.The applicationrequirements
of APC are as follows: 1) inputs to three-degree-of-freedom/trim
performance models, 2) aerodynamic design (preliminary), 3) pre-
liminary structural loadings, and 4) convectiveheat transfer inputs.

The overall � ight requirements for APC are as follows: Mach
number, 0–15; AOA, 0–90 deg; control de� ection, §30 deg; roll
orientation,0 and 45 deg; sets of � ns, 0, 1, 2 required,3 desired; and
body geometry,axisymmetric required,nonaxisymmetrictreatment
desired.Table 1 summarizes the evolutionof the APC development.
Figure 1 shows the general outline of the axisymmetric body con-
� gurations for which the code is applicable, and Fig. 2 shows the
cross sections of the various nonaxisymmetricbodies for which the
AP98 can be used.

The latest versionof the APC released to the publicAP95 (Ref. 6)
has several limitations when viewed against the overall require-
ments. First, the code is limited to the roll position of 8 D 0 deg
aerodynamics.Because the code is a semi-empiricalmodel used for
preliminary design, it is important that aerodynamics be available
in the roll position of 8 D 45 deg as well. This new technologywas
therefore developed16 and will be a part of the AP98. Second, al-
though the AP95 de� ned nonlinear aerodynamic loads to AOA of
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634 MOORE, MCINVILLE, AND HYMER

Table 1 Evolution of APC

Flight conditions

Version Weapons Aerodynamics Mach number AOA range Roll Computers

1972 Unguided projectiles CA , CN , XCP 0–3 0–15 deg 8 D 0 deg CDC
1974 Missiles, projectiles, rockets CA , CN , XCP 0–3 Same Same CDC
1977 Missiles, projectiles, rockets CA, CN , XCP, C`P , 0–3 Same Same CDC, IBM

CMq C CM P® , CnP®

1981 Missiles, projectiles, rockets Same 0–8 0–15 deg Same CDC, IBM, VAX
(limited conf.
at higher ®)

1993 Missiles, projectiles, rockets Same 0–20 0–30 deg Same CDC, IBM, VAX,
Silicon Graphics

1995 Missiles, projectiles, rockets Same Same 0–90 deg Same Interactive PC
1998 Same (asymmetric body treatment) Same Same Same 8 D 0, 45 deg Interactive PC

Fig. 1 Typical axisymmetricweapon-con� guration geometry require-
ments.

90 deg, it did not distributeall of these loadsover thebodyand lifting
surfacesto make the code more useful to the structuralengineerwho
mightbeusingthecode to performa beamanalysisof a missilestruc-
ture. This problem was also addressed and documented in Ref. 18.

A third problem that existed with the AP95 was the accuracy of
the axial-forcecoef� cient at high AOA. This problem became more
prominent at subsonic Mach numbers where the axial force could
go negative, and at all Mach numbers when a control de� ection was
of sign opposite to the AOA. New technology was developed19 to
correct this problem, and this new technology will also be a part of
the AP98. The � nal weakness of the AP95 compared to the aero-
prediction requirements is the limitation of axisymmetric bodies.
This was an extremely dif� cult problem to solve. However, after a
couple of years where several dif� cult technology shortfalls were
overcome, this limitation was also removed, and documentationon
the new technology was just completed.21

The purpose of this paper is thus threefold. First, the technology
that will be a part of the AP98 will be brie� y summarized.Whereas
Refs. 1–21 summarize each new technology and the evolution of
the APC, this is the � rst external paper that summarizes all of the
methods of the AP98. Second, several example cases will be shown
where the robustness and accuracy of the AP98 compared to the
AP95 will be illustratedby comparingto experimentaldata. Finally,
some thoughts on the future direction of the APC developmentwill
be given.

Summary of Theoretical Methodology
The theoretical methodology will be discussed in terms of the

low-AOA methods developed for the AP81 and prior versions of
the APC and the newer high-Mach-number, high-AOA methods
developed for the AP93, and more recent versions. The methods
developedsince the AP95 will be brie� y discussedon an individual
basis. No details of any of the theoretical approaches will be given,
as they are all well documented in Refs. 1–21.

Low-AOA Methods (AP72, AP74, AP77, and AP81)
To the authors’ knowledge the AP72 was the � rst total force and

moment APC. It computedbody-aloneaerodynamicsover the Mach
number range 0–2.5 and AOA to about 10 to 15 deg. The most dif-
� cult coef� cient to compute was the axial force. This dif� culty was
primarily a result of the fact that the nose could be sharp, blunted,
or truncated (Fig. 1). To get an accurate axial force, new technology
was developed1 where the modi� ed Newtonian theory (MNT) was
combinedwith the second-orderperturbationtheory of Van Dyke.22

This second-order accuracy in wave drag prediction was extended
in Mach number4 to values as high as 8 by making improvements9

to the second-order shock-expansion theory (SOSET).23 For tran-

sonic Mach numbers and below, numerical techniques10;24 in com-
bination with empiricism and table look-up were employed. Skin-
friction drag was calculated by the method of Van Driest.25 Base
drag and rotating band drag were calculated empirically based on
an average of wind-tunnel measurements.1 Lift of the body alone
was predicted by the method of Tsien,26 Wu and Aoyoma,24 or
DeJarnette et al.9

Two sets of lifting surfaces were added to the body in the AP74
Ref. 2 (Fig. 1). Perturbation methods were used for both the wing-
alone normal and axial-force predictions. To account for the blunt
leadingandtrailingedgesof thewing,MNT andempiricalestimates,
respectively,were used for axial-forceinformation.Again, Van Dri-
est II was used for the wing skin-frictioncomputations.Wing-body
interference was calculated by modifying the slender body and lin-
ear theory methods of Ref. 27 so that nonslender con� gurations
could be considered.

Dynamic derivatives (pitch damping and roll damping) were
added to the aerodynamic prediction capability in 1977 (Ref. 3).
The low-AOA versions of the APC could be used with reasonable
con� dence up to about 10-deg AOA. Predictions became increas-
ingly inaccurate as AOA increased above about 10 deg.

High-Mach-Number and Moderate-AOA
Methods (AP93)

The linear theory methods of the AP81 and prior versions were
simply unacceptablefor predictingnonlinearaerodynamicson con-
� gurations at moderate to high AOA. As a result, new techno-
logy5;11¡14 was developed to extend the AOA and Mach number
capability of the AP81. The approach used for extending the Mach
number was to extend the SOSET to include real gas effects.11 This
extended theory then allowed more accurate inviscid surface tem-
peratures to be computed. This in turn allowed the convective heat
transfer to be predicted,13 with engineering accuracy, at all Mach
numbers of interest along and around the body. To account for base-
drag nonlinearities,new wind-tunneldata were taken, and the base-
drag AOA model re� ned.14

A new approach was developed to account for nonlinearities in
normal force and center-of-pressureproperties at moderate to high
AOA. Basically, this approachutilized several large missile compo-
nent databasesin conjunctionwith the low-AOA linear theorymeth-
ods of the AP81. The total normal-forcecoef� cient of a wing-body-
tail con� guration was written in a form similar to that of Ref. 27,
that is,

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

C CNT .B/
C CNB.T /

C CNT .V /
(1)

Each term of Eq. (1) was then broken down into a linear and nonlin-
ear component. The linear term was estimated based on the linear
theory methods of Ref. 4. The nonlinear terms of the body-alone
normal force and center of pressure were predicted by modi� ca-
tions to the Allen–Perkins Viscous Cross� ow Theory.28 The other
nonlinear terms of Eq. (1) were calculated in conjunction with the
data bases29¡31 and Ref. 4. Then, analytical approximations or ta-
bles were used to predict each nonlinearity. The method was then
checkedout on thewind-tunneldatabasesfrom which the nonlinear-
ities were developed and � ne tuned based on other missile con� g-
uration databases. This approach, which the author calls the direct
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Table 2 AP98 methods for body-alone aerodynamics

Component/Mach Subsonic, Transonic, Low supersonic, Mod/high supersonic, Hypersonic,
number region M1 < 0:8 0:8 · M1 · 1:2 1:2 · M1 · 1:8 1:8 · M1 · 6:0 M1 > 6:0

Nose wave drag Empirical1 Semi-empirical Second-order SOSET plus IMNT9 SOSET plus IMNT9

based on Euler Van Dyke Plus modi� ed for real
solutions4 MNT1 gases11

Boattail or � are —— Wu and Aoyoma1 Second-order SOSET23 SOSET for real
wave drag Van Dyke22 gases11

Skin-friction drag Van Driest II25

Base drag Improved empirical method14

Axial force at ® Improved empirical method19

Aeroheating —— SOSET plus IMNT for real gases13

information
Inviscid lift and Empirical1 Semi-empirical Tsien � rst-order SOSET23 SOSET for real

pitching moment based on Euler cross� ow26 gases11

solutions4

Viscous lift and Improved Allen and Perkins cross� ow31

pitching moment
Nonaxisymmetric Modi� ed Jorgensen21;32

body aerodynamics
(8 D 0, 45 deg)

Nonlinear structural No Yes18

loads available
(8 D 0; 45 deg)

Fig. 2 Some noncircular cross-section, wing-body con� gurations of interest.

approach (because of direct usage of wind-tunnel data to approxi-
mate each nonlinearity), was found to give average accuracy levels
on normal-forcecoef� cient of §10% and center of pressure§4% of
body length for AOA to 30 deg. The major reason for the limitation
to 30-deg AOA was because the wing-alone lift was approximated
by a second-orderequation in AOA. Also, the data in the large data
bases29¡31 were used only up to AOA of 30 deg in the development
of the tables to approximate the nonlinearities in each of the terms
in Eq. (1). Also, only the roll position of 8 D 0 deg was considered
in the methodology.

High-AOA and Asymmetric Body
Methods (AP95 and AP98)

Many missiles � y above 30-deg AOA during their launch or ter-
minal phases. As a result, new technology was developed to extend
the AOA capability in the 8 D 0 deg roll to 90-deg AOA.6;15 This
high-AOA technology was then extended to the roll position of
8 D 45 deg (Refs. 16, 17, and 19). All of these nonlinear loads were
then distributed over the body and lifting surfaces using a Navier–
Stokes code to aid in the methodology development process.18

Finally, the constraint of axisymmetric bodies was eliminated with
development of a robust method for noncircular cross-sectionmis-
sile con� gurations.21 Tables 2–4 summarize the various theoretical
methods that will be a part of the AP98 (Refs. 1–4, 6, 9, 11, 13, 14,
16, 18, 19, 21–23, 25, 26, 31–34).

The AP95 and AP98 were the � rst versionsof the APC to be con-
verted to a personal computer format with an interactive pre- and
postprocessingsoftware package as part of the APC transition.The
preprocessingpart of the software packagehas automated many ge-
ometry inputs, which decreases the input time from as much as 4 h
to as little as 5 to 10 min. The postprocessingsoftware has many au-
tomated plots as well as tables of data again to reduce time involved
and improve productivity.An experienceduser of the APC can now
get a complete set of aerodynamicsin less than 15 min from input to
output. The AP98 is currently in operation on a personal computer
with Microsoft Windows 95 software and an Intel 200-MHZ chip.
Aerodynamics for 200 cases (one case is one con� guration, one
AOA, and one Mach number) can be obtained in less than 1 min of
executiontime on the personalcomputer.This is the same execution
time taken for a single case on the mainframe computer at the U.S.
Naval Surface Warfare Center, Dahlgren Division (NSWCDD), for
the � rst version of the code AP72, which considered only body-
alone cases. In other words during the 27-year history of the APC
code development, the computational cost for a set of approximate
aerodynamicshas gone down by several orders of magnitude.Also,
the time it takes to get this set of aerodynamics has been reduced
by approximately two orders of magnitude. The combinationof the
productivity improvements, enhanced capability, and improved ac-
curacy levels is the major reason the AP95 has been transitioned to
139 users around the world.



636 MOORE, MCINVILLE, AND HYMER

Table 3 AP98 methods for wing-alone and interference aerodynamics

Component/Mach Subsonic, Transonic, Low supersonic, Mod/high supersonic, Hypersonic,
number region M1 < 0:8 0:8 · M1 · 1:2 1:2 · M1 · 1:8 1:8 · M1 · 6:0 M1 > 6:0

Wave drag —— Empirical2 Linear theory Shock expansion (SE) SE plus MNT for real
plus MNT2 plus MNT along gases along strips9

strips9

Skin-friction drag Van Driest II25

Trailing-edge Empirical2

separation drag
Body-base pressure Improved empirical14

caused by tail � ns
Inviscid lift and

pitching moment
Linear Lifting surface theory2 Empirical2 3-D Thin Wing 3DTWT or SE2;9 3DTWT or SE2;11

Theory (3DTWT)2

Nonlinear Empirical6;16

Wing-body, body-
wing interference
(8 D 0, 45 deg)

Linear Slender body theory or linear theory modi� ed
Nonlinear for short afterbodies6;16

Wing-body,
interference due to ±
(8 D 0, 45 deg)

Linear Slender body theory16

Nonlinear Empirical6;16

Wing-tail Line vortex theory with modi� cations for KW .B/

interference term and nonlinearities16

(8 D 0, 45 deg)
Aeroheating None present SE plus MNT13 SE plus MNT

real gases13

Nonaxisymmetric Improved Nelson, EST21;33;34

body aerodynamics (8 D 0, 45 deg)
Nonlinear structural loads No Yes18

available (8 D 0, 45 deg)

Table 4 AP98 methods for dynamic derivatives3

Component/Mach Subsonic, Transonic, Low supersonic, Mod/high supersonic, Hypersonic,
number region M1 < 0:8 0:8 · M1 · 1:2 1:2 · M1 · 1:8 1:8 · M1 · 6:0 M1 > 6:0

Body alone Empirical
Wing and interference Lifting surface theory Empirical Linear thin-wing theory Linear thin-wing or strip theory

roll-damping moment
Wing magnus moment Assumed zero
Wing and interference Lifting surface theory Empirical Linear thin-wing theory Linear thin-wing or strip theory

pitch-damping moment

Application Examples
Several cases are selected to show the comparison of the AP98

aerodynamic computations to those of the AP95 and experimental
data. The cases selected are chosen not only to show the accuracy
levels of the AP98, but its robustness in terms of weapon con� gu-
rations and � ight conditions as well. A total of 13 examples were
given in Ref. 7, but only seven of those examples will be shown here
becauseof space considerations.The interested reader is referred to
this reference for more details of the comparisons of the AP95 to
experimentand other theoreticalmethods. In general,we found that
the AP98 gave slightly better normal-force and axial-force predic-
tions than the AP95 in the 8 D 0 deg roll plane. However, the AP95
gave slightly better pitching-momentpredictions (and hence center
of pressure) on some con� gurations than the AP98 in the 8 D 0 deg
roll plane. The reason for this poorer predictionof pitchingmoment
by the AP98 on some con� gurations will be discussed as part of
the Fig. 3 discussion. On the other hand, the AP98 gave aerody-
namics for the 8 D 45 deg roll plane, which were at least as good
as, if not better than, 8 D 0 deg. The AP98 also gave aerodynamics
for nonaxisymmetric body cases, as well as distributed nonlinear
loads.

The � rst case considered is a wing-body-tail con� guration with
experimental data given in Ref. 35. The con� guration is shown in
Fig. 3a, and data were available for both wing- and tail-control op-

Fig. 3a Wing-body-tail con� guration used in validation process.35

tions. This con� guration has a length of about 18 calibers with a
tangent ogive nose 2.25 calibers in length. It has wings and tails
of fairly high aspect ratios of 2.8 and 2.6, respectively. Data were
taken at Mach numbers 1.5 to 4.63 for AOAs to 45 deg and control
de� ections of 0 and 10 deg at M of 1.5 and 2.0 and 0 to 20 deg at
M of 2.35 to 4.63. The data were taken at a Reynolds number of
2:5 £ 106/ft, and boundary-layer trips were also used. The model
has a hollow chamber, and chamber axial-force measurements
were given separately in Ref. 20. These results were added to the
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Fig. 3b Axial-, normal-, and pitching-moment coef� cient comparisons of theory and experiment (M 1 = 2:87).

Fig. 3c Load, shear, and bending moment for con� guration of Fig. 3a (M 1 = 2.87, U = 0 deg, ® = 40 deg).

forebody axial-force measurements to compare with the AP95 and
AP98.

Figure 3b presents the results of C A , CN , and CM for M1 D 2:87,
where the AP98 is compared to experiment as a function of AOA
for the roll positionsof 0 and 45 deg and for wing-controlde� ection
of 0 and 20 deg. As seen in the Fig. 3b, the AP98 gives very good
agreement with experimental data and is well within the average
accuracygoals of §10% on CA and CN and §4% of body length on
center of pressure.Notice that the pitching-momentcomparisons to
data degradeabove AOA of 20 deg, which is believed to be because
of the internal shock interactions of the bow shock onto the wing

and the wing shock onto the tail. This interaction is not explicitly
accounted for in the AP98. Even with this discrepancy the worst
case center-of-pressureerror occurs for 8 D 0 and AOA D 40 deg.
For this case the error in center of pressure is still just over 3% of
the body length, and the average center of pressure over the AOA
rangeof 5–40 deg is less than that. Both of thesenumbersare within
the §4% goal of the AP98.

Figure 3c illustrates the new nonlinear structural load capability
of the AP98. Shown in the � gure is local load, shear, and bend-
ing moment as a function of x=l for the body and y=.b=2) for the
wing and tail. The AP98 results are compared to a Navier–Stokes
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Fig. 3d Comparison of experiment and theory for CA , CN , and CM for Fig. 3a tail-control case.

calculation.18 Note the excellent agreement of the local load,
shear, and bending moment between the AP98 and Navier–Stokes
computations on the body, wings, and tails. The particular case
shown is the 8 D 0 deg and ® D 40 deg case of Fig. 3b.

Figure 3d presents the tail-control comparisons of theory and
experimentfor theFig. 3a con� guration.These � gures illustrateboth
the 8 D 0 and 45 deg aerodynamic computations at M D 1:5, 2.87,
and 4.6 for the AP95 and AP98. Control de� ections of ±T D ¡10

for M D 1:5 and ±T D ¡20 for Mach 2.87 and 4.6 are shown. Of
course, the AP95 results are only shown for the 8 D 0 deg plane.
Several points are worthy of note. First, both the AP95 and AP98
give good agreement to experiment on normal force. The AP98
gives good agreement to axial force at all conditions, whereas the
AP95 deviates from data at high AOA for this case where ® and ±
are opposite in sign. Third, the internal shock interactions increase
in strengthas Mach number and AOA increase.Eventually, as AOA
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Fig. 3d Comparison of experiment and theory for CA , CN , and CM for Fig. 3a tail-control case (continued).

gets higher, this discrepancy goes away (not shown). At the worst-
case condition the AP98 still meets the §4% of body length goal
on center-of-pressureerror, however.

The � nal point to be made on Fig. 3d is the fact that at 8 D
0 deg roll and M D 1:5 the AP95 gives better comparisons of
pitching-moment data than the AP98 in the angle-of-attack range
from 15 to 45 deg. The reason the AP95 gives better pitching-
moment predictions on some con� gurations than the AP98 is the
new model for wing-tail interference17 incorporated into the AP98.
This new model shows that for 8 D 0 deg roll CNT .V /

is zero (and
hence CMT .V /

is also zero) for the AP98 at ® D 30 deg and M D 1:5.
However, the AP95 gives CNT .V /

of ¡1.18 and CMT .V /
of 9.07. If

one adds this value to the AP98 results of Fig. 3d, one obtains the
AP95 result. This discrepancydoes not occur on all con� gurations.
In general, the total CN is predicted more accurately on all cases
by the new CNT .V /

model of the AP98 than the older model of the
AP95. However, about half of the pitching-moment predictions are
better with the AP95 than the AP98. At this point in time, it is not
clear whether this mixed success is caused by the wing-tail inter-
ference model or internal shock interactions moving the center of
pressure forward as ® increases. One effort planned for the future
is to use a computational � uid dynamics (CFD) code to investi-
gate this pitching-moment issue and hopefully improve upon the
pitching-moment prediction so that all AP98 cases will be superior
to AP95 predictions. However, at present, some pitching-moment
predictions of the AP95 are better than those of the AP98. On the
other hand, we have not found a case as of yet where the average
accuracy levels of §10% on CA and CN and 4% of body length for
XCP have been exceeded.By average is meant enoughcases (®s and
Ms) must be considered for a good statistical sample.

The next case considered is a six-� n projectile con� guration
(Fig. 4a). This case is chosen to illustrate how the AP98 can be
used for six-� n cases although the code is only set up to allow either
two- or four-� n options.The next version of the APC past the AP98
will, hopefully,allow the six-� n option. However, for the AP98 one
has to use the code listing of individual aerodynamic components
in conjunctionwith hand calculations to obtain the � nal set of aero-
dynamics. For example, the four-� n option is chosen for the AP98
computations.Then in the data tables all � n axial-forcecomponents

are multiplied by 1.5, and this number replaces that of the � n axial
force. Secondly, the � n normal-force components (wing-body and
body-wing) are multiplied by a factor. We currently use a factor
of 1.4 at AOA 0 deg, and this factor decreases to 1.3 at AOA of
30 deg and higher. Then the pitching moments are modi� ed based
on the new normal-force components for the � n and interference
effects.

Figure 4b shows the CA , .CN® /® »D 0 and XCP comparisons of the
AP98 to ballistic range and full Navier–Stokes results taken from
Ref. 36. Computations were made in the AP98 based on the “Wind
Tunnel Model With No Boundary Layer Trip” option and at sea-
level Reynolds number conditions.This option was selected, as op-
posed to a “Typical Flight Condition” option, because of the fact
most models are machine-built vs production-made. A machine-
built model means the model is usually smoother than a production
weapon. Note, the comparison of the AP98 to the CFD computa-
tions of Ref. 36 are quite good, and both fall in the middle of the
ballistic-range data. An exception to this is the axial-force coef� -
cient at M D 3:5 and below where the ballistic-range data points
show a much stronger increase in CA with decreasingMach number
than does the AP98. It is not clear why this occurs but is possibly
because of AOA effects in the ballistic-range data, which are not
included in the AP98.

The next case considered is a wing-body-tail case with a low
aspect-ratio wing and tested at the Naval Postgraduate School37 at
M1 D 0:1. The con� guration is shown at the top of Fig. 5. Note
that the model tested in the wind tunnel at the top of the � gure is
slightly different than that where calculations were performed with
the AP95 andAP98. This slightcon� gurationdifferenceis due to the
fact the APC cannot handle the detailed dorsal and wing geometry
shown at the top of the � gure.The con� gurationshown in the middle
of Fig. 5 has the same aspect ratio, span, taper ratio, leading-edge
sweep angle, and area of both the dorsal and tail as the actual model
at the top of Fig. 5. Also, although not shown, the distance to the
centroid of the planform areas is also held constant. Of course, the
body is also the same between the two cases.

The only results given in Ref. 37 were for normal force. Ex-
perimental data and Missile DATCOM38 results were both given
in Ref. 37 for roll positions of 8 D 0 and 45 deg. These results are
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Fig. 4a Schematic of M829 projectile con� guration (from Ref. 36).

Fig. 4b Comparison of static aerodynamics between theory and ex-
periment for Fig. 4a con� guration.

comparedto theAP95 andAP98 at thebottomofFig. 5 for8 D 0 deg
and to the AP98 only for 8 D 45 deg. Note that comparisons to
data are reasonable and quite good except at AOA 40–70 deg. It is
possible that wind-tunnel sting to model interference increased the
experimental results in this range somewhat. Previous wind-tunnel
studies39;40 have concluded that the model sting can increase model
normal-force loads by 10–20% in the high-AOA range. Both the
AP95 and AP98 give slightly better comparisons to data than the
MissileDATCOM38 for this case.We suspectedthat the low-aspect-

Fig. 5 Normal-force coef� cient comparisons of body, dorsal, and tail
(M 1 = 0:1).

ratio lifting surfaces, which have a great deal of nonlinear lift, are
the primary reason for the Missile DATCOM accuracy problems,
particularly at 8 D 0 deg.

The last axisymmetricbodycase consideredis taken from Ref. 41
and is shown in Fig. 6. The model was about 22 calibers in length
with a sharp nose of 2.25 calibers. The canards had an aspect and
taper ratio of 2.0 and 0.3, respectively. Various tail � n spans were
considered.This model was testedat Mach numbers1.6–3.5 at AOA
to about 18 to 20 deg. It had a boundary-layer trip present and was
tested at an RN /ft of 2:0 £ 106. Reference 41 gave separate values
of base axial-force coef� cient, which were added to the axial-force
values given in the reference to compare to the AP98 computa-
tions. To compare the experimental data to theory, Mach numbers
of 2.5 and 3.5 are selected at roll angle 45 deg. Also, values of
the tail-to-canard semispan of 0.47 and 1.25 are considered. Be-
cause 8 D 45 deg roll is chosen, no AP95 computations will be
shown. Figure 7 presents the comparison of theory to experiment
for bt =bc D 0:47 and 1:25. Results are shown for CA , CN , and CM .
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As seen in Fig. 7, comparison of theory to experiment is quite ac-
ceptable and meets the averageaccuracygoal of §10% on axial and
normal force and §4% of body length for center of pressure. The
worst case error on pitching moment at M D 2:5 and bt=bc D 1:25
represents an error of less than 3% of the body length in terms of
center of pressure. Also shown in Fig. 7 are M3HAX computa-
tions taken from Ref. 42 for the bt =bc D 1:25 case at M D 2:5. The
C A results for 8 D 0 deg from Ref. 42 were assumed to apply to
the 8 D 45 deg case because no control de� ections were assumed
for this example. As seen in the Fig. 7, M3HAX gives reasonable
comparisonto data at 8 D 45deg. Reference42 shows M3HAX giv-

Fig. 6 Canard-body-tail con� guration with varying tail span (all di-
mensions in inches).

Fig. 7 Comparisons of theory and experiment41 for con� gurations of Fig. 6 ( U = 45 deg).

ing improved comparisons to data at 8 D 0 deg roll, compared to
8 D 45 deg roll, particularlyfor normal-forceand pitching-moment
coef� cients.

The last three cases considered illustrate the new nonaxisymmet-
ric body capability of the AP98. The � rst of these cases is based on
the databases of Refs. 43 and 44, and the con� gurations considered
are shown in Fig. 8a. Figure 8a illustrates elliptical cross-section
con� gurations of ellipticity ratios of 2.0 at 8 D 0 and 0.5 at 8 D 90
deg. It also has squares at 8 D 0 and diamonds at 8 D 45 deg roll.
Finally, triangular and inverted triangular cross-section shapes are
alsoconsidered.All nonaxisymmetricbodycasesshownwere runon
the AP98 with anoptimumvalueof the criticalcross� ow Mach num-
ber where transition from subcritical to supercriticalconditionsoc-
cur. This optimum value is not that critical for higher-Mach-number
computations,but is very importantto predict subsonicnormal force
accurately. The Fig. 8a con� guration was tested to 24-deg AOA at
M1 D 1:98 and 3.88 in Ref. 43. All bodies in Fig. 8a have the same
cross-sectionalarea as the circle.The corner radii of the squaresand
triangles were very small, so a value of k D 0 was assumed in the
computations. The elliptical shape 10-caliber body of Fig. 8a was
tested later44 at Mach numbers 0.6 to 2.0 and to AOA 56 deg. The
case shown here will thus be the elliptical10-caliberlong body tests
of Ref. 44, which go to 56-deg AOA, and the square and triangular
tests of Ref. 43, which go only to 24-deg AOA. Not all results will
be shown as the Refs. 43 and 44 databases were fairly extensive.
Most of these results are shown in Ref. 21, however.
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Fig. 8a Body-alonecon� gurationswith elliptical square,diamond,tri-
angular, and inverted-triangular shapes.43

Normal-force coef� cient Axial-force coef� cient Center of pressure

Fig. 8b Aerodynamic data for 2:1 and 0.5:1 ellipses of Fig. 8a compared to circular body at M = 20.

Lift coef� cient Lift-to-drag ratio Center of pressure

Fig. 8c Aerodynamic data of squares (k = 0:0) and diamonds (k = 0:0) of Fig. 8a compared to circular body at M = 1:98 (`/d = 10).

Lift coef� cient Lift-to-drag ratio Center of pressure

Fig. 8d Aerodynamic data of triangles (k = 0:0) and inverted triangles (k = 0:0) of Fig. 8a compared to circular body at M = 1:98 (`/d = 10).

Figure 8b gives the elliptical body results for a Mach number of
2.0. Results shown are for ellipticity values of 0.5, 1.0, and 2.0 and
are given in terms of normal- and axial-forcecoef� cients and center
of pressure. To get the ellipticity value of 0.5, con� guration B2 is
simply rotated to the 8 D 90 deg roll position as shown in Fig. 8b.
Also, the axial-force coef� cient does not include a base-drag com-
ponent. In examining the Fig. 8b comparisonsof theory and experi-
ment, one can see the theory does a fairly good job of predicting the
aerodynamics on the elliptical case. The normal-force and center-
of-pressurepredictionsare quite encouragingas they are well within
the average accuracy levels of §10% and §4% of body length, re-
spectively. The axial-force prediction comparisons are not as good
as desired. However, this could be because of measurement accu-
racy where it is dif� cult to get accurate axial-force measurements
with a sting designed for measuring normal force at high AOA.

Theoretical and experimental results for the squaresand triangles
of Fig. 8a are given in Figs. 8c and 8d, respectively. Only the 10-
caliber-long con� guration results at M D 1:98 are shown. Here the
results are given in terms of lift coef� cient, lift-to-drag ratio, and
center of pressure. In general, comparisonof theory and experiment
for the squares and diamonds is quite encouraging, although not
as good as the circular cross-section shapes. The triangular-shaped
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body predictions for lift coef� cient tend to be somewhat low as
AOA increases. However, this is to be expected because the val-
ues for the circular cylinder results are also low. Lift-to-drag ratio
predictions are quite good, with the peak values being reasonably
well predicted. The center-of-pressure prediction for the triangu-
lar shape is well within the §4% of body length used as a criteria
for axisymmetric bodies. However, the inverted triangle center-of-
pressure predictions slightly exceed this value.

The next case considered is a 10-caliber wing-body and wing-
body-tail case shown in Fig. 9a (Ref. 32). The body cross section is

Fig. 9a Geometry of the wing-body and wing-body-tail con� gurations with 2:1 elliptical bodies (from Ref. 32).

Normal-force coef� cient Center of pressure

Fig. 9b Aerodynamic data for the wing-body con� guration of Fig. 9a with a 2:1 elliptical cross-section body.

Normal-force coef� cient Center of pressure

Fig. 9c Aerodynamic data for the wing-body-tail con� guration of Fig. 9a with a 2:1 elliptical cross-section body.

an ellipse with an a=b D 2:0, and the nose length is 3.0 calibers.Fig-
ures 9b and 9c present the normal-forceand center-of-pressurecom-
parisons of experiment and theory at M D 0:6 and 2.0 for the wing-
body and wing-body-tail cases, respectively. Data for the wing-
body-tailcase at M D 2:0 were availableonly to ® D 34deg,whereas
all other cases have data to 60-deg AOA. As seen in Figs. 9b and
9c, theoretical predictionsare quite good for center of pressure and
fair to good for normal-force coef� cient.

The last con� guration shown (Fig. 10) is a waverider con-
� guration taken from Ref. 45. Lift, drag, and pitching-moment
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Fig. 10 Wire-frame geometry of the wave rider (from Ref. 45).

Lift coef� cient

Axial-force coef� cient

Moment coef� cient

Fig. 11 Aerodynamic data for the Mach 14 wave rider of Fig. 10.

comparisons of theory and experiment at M D 14:0 to ® D 25 deg
are shown in Fig. 11. Results are quite encouraging, even though
this con� guration does not quite � t the triangular shape, which has
60-deg angles in all corners. Note that these results are based on a
375-in.2 planform area.

No average accuracy assessment has been made as of yet for the
nonaxisymmetric body con� gurations similar to that available for
axisymmetric bodies. As more comparisons are made, this may be-
come more feasible.At present, the averageaccuracyof the normal-
and axial-force coef� cients and center of pressure appear to be al-
most as good as the axisymmetric body if the con� gurations are
similar to those of Fig. 2. However, when cases deviate substan-
tially from the Fig. 2 options, average accuracy is expected to be
degraded as well.

Future Opportunities
Future opportunities are placed in two categories. These cate-

gories are de� ned as major technologyneeds and value-addedtech-
nology needs. The difference between the de� nition of major and
value-added has to do with the cost to develop the technology and
integrate it into the APC. Generally, before any new technology
is developed, there needs to be a request from users and sponsor
support to fund the technology development.

The NSWCDD APC has progressed to the point that it can com-
pute planar aerodynamics with acceptable accuracy over the con-
� guration and � ight envelope of interest to most tactical weapons.
The two remaining major technology needs are to account for
aerodynamic effects of side jets and an accurate semi-empirical
code for out-of-plane aerodynamics. The � rst problem requires a
good generic wind-tunnel database, and this requirement is being
marketed to the Ballistic Missile Defense Of� ce. The latter need
may be beyond the scope of a semi-empirical code because of
the complex out-of-pitch plane aerodynamic nonlinearities and the
fact that many of these nonlinearities are within the accuracy of
the data.

This problem of accurate out-of-pitchplane aerodynamicsis par-
ticularlytrue for inducedroll. As a result, at NSWCDD, eitherwind-
tunnel data or more accurate numerical codes have been used to
predict out-of-planeaerodynamics.A less accurate (§25%) out-of-
plane semi-empirical code may be feasible, but it is high risk.

There are several value-added technology needs that would en-
hance the capabilityof the APC signi� cantly while being much less
costly than the two major technologyneedsalreadydescribed.Some
of these include 1) using CFD to improve and validate the predic-
tions outside the range of the databases (this is important because
the databasesare limited to Mach number less than 4.6 and AOA of
40 deg); 2) using a new NASA database for � ne tuning r /s effects;
3) integrating the APC with other software models to form system
engineering models; 4) modifying dynamic derivative calculations
so � ared vehicles can be handled; 5) including a six-� n option in
the APC; 6) incorporatingbase bleed for projectile applications;7)
including nonlinear aerodynamics in the dynamic derivatives; and
8) incorporatingmethodology for internal shock interactions.

Over the history of the APC series (1972 to the present), sig-
ni� cant advances have been made in semi-empirical aeroprediction
methods. As seen in the opportunities list, much work still remains
to be done.
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