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Application of the 1998 Version of the Aeroprediction Code

F. G. Moore,*R. M. McInville," and T. C. HymerjIE
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 (fins
in “X” or cross-roll orientation) in addition to the roll position of 0 deg (fins in “+” or plus-roll orientation). It
has also been extended to compute aerodynamics of nonaxisymmetric bodies based on an equivalent axisymmetric
body. In addition, the nonlinear aerodynamic loads have been distributed over the body and lifting surfaces to
provide a more useful tool for preliminary structural analysis. Finally,new technology was developed to improve the
prediction of axial force at angle of attack. These new technologieshavebeen integrated into the 1995 Aeroprediction
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 configurations to experimental data. Comparisons of theory
and experiment show thatthe AP98,on average, is atleast as good as the AP95 and, in general, may be slightly better.

Nomenclature
a,b = semimajor and semiminor axes, respectively,
of ellipse
b = wing span (not including body), ft
Cy = axial-force coefficient
Cp = lift coefficient
Cy, = roll-damping moment coefficient

Cy = pitching-moment coefficient (based on
reference area and body diameter if body
present, or mean aerodynamic chord if
wing alone)

Cy, +Cuy, = pitch-damping moment coefficient
N = normal-force coefficient
Cyy = normal-force coefficient of body alone

= normal-force coefficient on body in presence of
wing or tail

= negative normal-force coefficient component on
tail due to wing or canard-shed vortex

= normal-force coefficient of wing or tail in
presence of body

CNB(W) ’ CNB(T)
CNT(V)

CNW(B) s CNT(B)

Cy, = normal-force coefficient derivative
Cp, = magnus moment coefficient derivative
Lk = parameters used to define corner radius for
squares and triangles, k=7, /W,,; k; =r,/W
¢ = body length
M, = freestream Mach number
r = local body radius, ft
T = corner radius of a rounded corner on square

or triangle

w, W, = diameter and maximum diameter, respectively,
of a triangle or square as measured normal to
the velocity vector

X, 9,2 = axis system fixed with x along centerline of

body, y out right wing when viewed from rear
o = angle of attack, deg
Sw, 87 = deflection of wing or tail surfaces (deg),
positive leading edge up
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P = roll position of missile fins: & =0 deg
corresponds to fins in the plus (4) orientation;
® =45 deg corresponds to fins rolled to the
cross (x) orientation

Introduction

HE U.S. Naval Surface Warfare Center Aeroprediction Code

(APC)hasbeendevelopedfromitsinceptionin 1972 (Ref. 1) to
the presenttime with a primary objective. This objectiveis to provide
the aerodynamicistwith a set of reasonably accurate 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 provide inputs to particle-
ballistic or trim-performance models and to be used in aerodynamic
design optimization. As weapons flew faster and to higher angles
of attack (AOA), the code applicationuses included convective heat
transferinputs [AP93 (Ref. 5) and AP95 (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
technologies'~2! have been developed to meet the ever-changing
flight requirements. These flight requirements include Mach num-
bers 0-15, AOAs to 90 deg, control deflections of 0 to £30 deg, trim
roll orientation of 0 or 45 deg (fins in + or x roll orientations, re-
spectively), and body geometry thatis axisymmetric or 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 flight 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) convective heat transfer inputs.

The overall flight requirements for APC are as follows: Mach
number, 0-15; AOA, 0-90 deg; control deflection, £30 deg; roll
orientation,0 and 45 deg; sets of fins, 0, 1, 2 required, 3 desired; and
body geometry, axisymmetric required, nonaxisymmetrictreatment
desired. Table 1 summarizes the evolution of the APC development.
Figure 1 shows the general outline of the axisymmetric body con-
figurations for which the code is applicable, and Fig. 2 shows the
cross sections of the various nonaxisymmetric bodies for which the
AP98 can be used.

The latest version of the APC released to the public AP95 (Ref. 6)
has several limitations when viewed against the overall require-
ments. First, the code is limited to the roll position of ® =0 deg
aerodynamics.Because the code is a semi-empirical model used for
preliminary design, it is important that aerodynamics be available
in the roll position of ® =45 deg as well. This new technology was
therefore developed'® and will be a part of the AP98. Second, al-
though the AP95 defined nonlinear aerodynamic loads to AOA of
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Table1 Evolution of APC

Flight conditions
Version Weapons Aerodynamics Mach number AOA range Roll Computers
1972 Unguided projectiles Ca, Cy, Xcp 0-3 0-15 deg ® =0deg CDC
1974 Missiles, projectiles, rockets Ca, Cn, Xcp 0-3 Same Same CDC
1977 Missiles, projectiles, rockets Ca, Cn, Xcp, Ceps 0-3 Same Same CDC, IBM
Cumy +Chutys Cup,
1981 Missiles, projectiles, rockets Same 0-8 0-15 deg Same CDC, IBM, VAX
(limited conf.
at higher o)
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 ®=0,45deg Interactive PC
Ogive shape Aitemody ﬂ sonic Mach numbers and below, numerical techniques'®** in com-
\ 7 - bination with empiricism and table look-up were employed. Skin-
—_— —N\ ) friction drag was calculated by the method of Van Driest.> Base
| g y
- Ef ﬁ:ﬁ; drag and rotating band drag were calculated empirically based on
] WCanards or wings ;5 allowed an average of wind-tunnel measurements.' Lift of the body alone
Mose Tip (sharp o blunt biconvex, 4 as predicted by the method of Tsien,”® Wu and Aoyoma* or
(sharp, blunt, double-wedge or Tails was predi y lem, u yoma,

truncated) modified- double-wedge)

Fig. 1 Typical axisymmetric weapon-configuration geometry require-
ments.

90 deg,itdid notdistributeall of these loads over the body and lifting
surfaces to make the code more useful to the structuralengineer who
mightbe using the code to performabeam analysisof a missile struc-
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-force coefficient at high AOA. This problem became more
prominent at subsonic Mach numbers where the axial force could
gonegative,and at all Mach numbers when a control deflection was
of sign opposite to the AOA. New technology was developed'® to
correct this problem, and this new technology will also be a part of
the AP98. The final weakness of the AP95 compared to the aero-
prediction requirements is the limitation of axisymmetric bodies.
This was an extremely difficult problem to solve. However, after a
couple of years where several difficult technology shortfalls were
overcome, this limitation was also removed, and documentationon
the new technology was just completed.!

The purpose of this paper is thus threefold. First, the technology
that will be a part of the AP98 will be briefly summarized. Whereas
Refs. 1-21 summarize each new technology and the evolution of
the APC, this is the first 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 illustrated by comparing to experimental data. Finally,
some thoughts on the future direction of the APC development will
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 briefly discussed on 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 first total force and
moment APC. It computedbody-aloneaerodynamicsoverthe Mach
number range 0-2.5 and AOA to about 10 to 15 deg. The most dif-
ficult coefficient to compute was the axial force. This difficulty 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 developed' where the modified Newtonian theory (MNT) was
combined with the second-orderperturbationtheory of Van Dyke.?
This second-order accuracy in wave drag prediction was extended
in Mach number* to values as high as 8 by making improvements’
to the second-order shock-expansion theory (SOSET).? For tran-

Delarnette et al.?

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
leadingandtrailingedges of the wing, MNT and empirical estimates,
respectively, were used for axial-forceinformation. Again, Van Dri-
est I was used for the wing skin-friction computations. Wing-body
interference was calculated by modifying the slender body and lin-
ear theory methods of Ref. 27 so that nonslender configurations
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
confidence 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 AP§1 and prior versions were
simply unacceptablefor predictingnonlinear aerodynamicson con-
figurations at moderate to high AOA. As a result, new techno-
logy>!'~!* 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.'' 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,”® with engineering accuracy, at all Mach
numbers of interest along and around the body. To account for base-
drag nonlinearities,new wind-tunnel data were taken, and the base-
drag AOA model refined.'

A new approach was developed to account for nonlinearities in
normal force and center-of-pressure properties at moderate to high
AOA. Basically, this approachutilized several large missile compo-
nentdatabasesin conjunctionwith the low-AOA linear theory meth-
ods of the AP81. The total normal-force coefficient of a wing-body-
tail configuration was written in a form similar to that of Ref. 27,
that is,

Cy=Cun; + CNW(B) + CNB(W) + CNT(B) + CNB(T) + CNT(V) D

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 modifica-
tions to the Allen-Perkins Viscous Crossflow Theory.2® The other
nonlinear terms of Eq. (1) were calculated in conjunction with the
data bases® 3! and Ref. 4. Then, analytical approximations or ta-
bles were used to predict each nonlinearity. The method was then
checked out on the wind-tunneldatabases from which the nonlinear-
ities were developed and fine tuned based on other missile config-
uration databases. This approach, which the author calls the direct
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Table2 AP98 methods for body-alone aerodynamics
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Component/Mach Subsonic, Transonic, Low supersonic, Mod/high supersonic, Hypersonic,
number region My <0.8 08<My <12 1.2<My <138 1.8<My <6.0 My >6.0
Nose wave drag Empirical Semi-empirical Second-order SOSET plus IMNT? SOSET plus IMNT?
based on Euler Van Dyke Plus modified for real
solutions® MNT! gases!!
Boattail or flare e Wu and Aoyoma' Second-order SOSET? SOSET for real
wave drag Van Dyke?? gases!!
Skin-friction drag Van Driest 1%
Base drag Improved empirical method!*
Axial force at o Improved empirical method'®
Aeroheating e SOSET plus IMNT for real gases'?
information
Inviscid lift and Empirical Semi-empirical Tsien first-order SOSET? SOSET for real
pitching moment based on Euler crossflow?® gases'!
solutions*
Viscous lift and Improved Allen and Perkins crossflow?!
pitching moment
Nonaxisymmetric Modified Jorgensen?!-3?
body aerodynamics
(®=0, 45 deg)
Nonlinear structural No Yes!®
loads available
(®=0,45 deg)
e
Circle, Fins Circle, Fins Ellipse, Fins Ellipse, Fins Inverted Triangle,
at P =0° at @ =45° at®=0° at @ = 45° Finsat@ =0°
W, P
r= kW, 1, =KW,
) - rh=kWg,
! Square, Fins Sg:]nasrzta;dlig? l
Square, Fins at ¢ =45° |
atd=0°

Bquare at & = 45°
Fins at = 0°

Fig. 2 Some noncircular cross-section, wing-body configurations 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-forcecoefficient 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
bases®*~3! were used only up to AOA of 30 deg in the development
of the tables to approximate the nonlinearitiesin each of the terms
in Eq. (1). Also, only the roll position of ® =0 deg was considered
in the methodology.

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

Many missiles fly above 30-deg AOA during their launch or ter-
minal phases. As a result, new technology was developedto extend
the AOA capability in the ® =0 deg roll to 90-deg AOA.>'> This
high-AOA technology was then extended to the roll position of
® =45 deg (Refs. 16, 17, and 19). All of these nonlinearloads were
then distributed over the body and lifting surfaces using a Navier-
Stokes code to aid in the methodology development process.'®
Finally, the constraint of axisymmetric bodies was eliminated with
development of a robust method for noncircular cross-section mis-
sile configurations.2! 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 first versions of 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 package has 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 experienced user of the APC can now
get a complete set of aerodynamicsin less than 15 min from inputto
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 configuration, one
AOA, and one Mach number) can be obtained in less than 1 min of
executiontime on the personal computer. 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 first 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
aerodynamics has 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 combination of 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.
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Table3 AP98 methods for wing-alone and interference aerodynamics

Component/Mach Subsonic, Transonic, Low supersonic, Mod/high supersonic, Hypersonic,
number region My, <0.8 0.8<My <12 1.2<My <138 1.8<My <6.0 My > 6.0
Wave drag e Empirical? Linear theory Shock expansion (SE)  SE plus MNT for real
plus MNT? plus MNT along gases along strips’
strips’
Skin-friction drag Van Driest I1?°
Trailing-edge Empirical?
separation drag
Body-base pressure Improved empirical"*
caused by tail fins
Inviscid lift and
pitching moment
Linear Lifting surface theory? Empirical? 3-D Thin Wing 3DTWT or SE>? 3DTWT or SE>!!
Theory (3DTWT)?
Nonlinear Empirical® '
Wing-body, body-
wing interference
(®=0, 45 deg)
Linear Slender body theory or linear theory modified
Nonlinear for short afterbodies® !
Wing-body,
interference due to §
(®=0, 45 deg)
Linear Slender body theory'®
Nonlinear Empirical® !
Wing-tail Line vortex theory with modifications for Ky (g)
interference term and nonlinearities'®
(®=0, 45 deg)
Aeroheating None present SE plus MNT'3 SE plus MNT
real gases'?
Nonaxisymmetric Improved Nelson, EST?!-3334
body aerodynamics (® =0, 45 deg)
Nonlinear structural loads No Yes!®
available (® =0, 45 deg)
Table4 APY8 methods for dynamic derivatives®
Component/Mach Subsonic, Transonic, Low supersonic, Mod/high supersonic, Hypersonic,
number region My, <0.8 0.8<My <12 12<My <138 1.8<M, <6.0 My, > 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 configu-
rations and flight conditions as well. A total of 13 examples were
givenin Ref. 7, but only seven of those examples will be shown here
because of space considerations. The interested reader is referred to
this reference for more details of the comparisons of the AP95 to
experimentand other theoretical methods. In general, we found that
the AP98 gave slightly better normal-force and axial-force predic-
tions than the AP95 in the ® = 0 deg roll plane. However, the AP95
gave slightly better pitching-moment predictions (and hence center
of pressure) on some configurations than the AP98 in the & =0 deg
roll plane. The reason for this poorer prediction of pitching moment
by the AP98 on some configurations will be discussed as part of
the Fig. 3 discussion. On the other hand, the AP98 gave aerody-
namics for the ® =45 deg roll plane, which were at least as good
as, if not better than, ® =0 deg. The AP98 also gave aerodynamics
for nonaxisymmetric body cases, as well as distributed nonlinear
loads.

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

Y 11.39. Ll
10.39 >/
MOMENT CENTER
HINGE LINE . 5§7.3°
|‘ 1.20
|
j = _5_— ¢
N\ 2.40
OGIVE RADIUS 3.0 +
6.38 ¢
\ | I(_ > 051 - 0.02
2.9+
Y 18.83
j 21.64
270

Fig. 3a Wing-body-tail configuration used in validation process.>’

tions. This configuration 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
deflections of 0 and 10 deg at M of 1.5 and 2.0 and O to 20 deg at
M of 2.35 to 4.63. The data were taken at a Reynolds number of
2.5 x 10%/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 coefficient comparisons of theory and experiment (M , = 2.87).
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Fig. 3¢ Load, shear, and bending moment for configuration of Fig. 3a (M « =2.87, ® = 0 deg, o = 40 deg).

forebody axial-force measurements to compare with the AP95 and
AP9S.

Figure 3b presents the resultsof C 4, Cy, and Cy, for Mo, =2.87,
where the AP98 is compared to experiment as a function of AOA
for the roll positions of 0 and 45 deg and for wing-controldeflection
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
accuracy goals of £10% on C, and Cy and 4% of body length on
center of pressure. Notice that the pitching-momentcomparisonsto
data degrade above 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 & =0 and AOA =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
range of 5-40 deg is less than that. Both of these numbers are within
the 4% goal of the AP9S.

Figure 3c illustrates the new nonlinear structural load capability
of the AP98. Shown in the figure is local load, shear, and bend-
ing moment as a function of x /! 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 C4, Cy, and Cy, for Fig. 3a tail-control case.

calculation.!® 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 & =0 deg and « =40 deg case of Fig. 3b.

Figure 3d presents the tail-control comparisons of theory and
experimentfor the Fig. 3a configuration. These figuresillustrateboth
the & =0 and 45 deg aecrodynamic computationsat M = 1.5, 2.87,
and 4.6 for the AP95 and AP98. Control deflections of §; = —10

for M =1.5 and 87 = —20 for Mach 2.87 and 4.6 are shown. Of
course, the AP95 results are only shown for the ® =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 o and §
are opposite in sign. Third, the internal shock interactions increase
in strength as Mach number and AOA increase. Eventually,as AOA
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(E) M =4.6,5,=-20°, & =0°
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Fig. 3d Comparison of experiment and theory for C4, Cy, and Cy, 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 final point to be made on Fig. 3d is the fact that at & =
0 deg roll and M =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 configurations than the AP9S is the
new model for wing-tail interference!” incorporatedinto the AP98.
This new model shows that for ® =0 deg roll Cy,.,, is zero (and
hence Cy;,, is also zero) for the AP98 at o =30 degand M = 1.5.
However, the AP95 gives Cy,,, of —1.18 and Cy,,, of 9.07. If
one adds this value to the AP98 results of Fig. 3d, one obtains the
AP9S5 result. This discrepancy does not occur on all configurations.
In general, the total Cy is predicted more accurately on all cases
by the new Cy, ,, 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 fluid 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 210% on C, and Cy and 4% of body length for
Xcp have been exceeded. By average is meant enough cases («s and
M ) must be considered for a good statistical sample.

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

are multiplied by 1.5, and this number replaces that of the fin axial
force. Secondly, the fin 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 modified based
on the new normal-force components for the fin and interference
effects.

Figure 4b shows the C,, (Cy,)o=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 coeffi-
cient at M =3.5 and below where the ballistic-range data points
show a much strongerincreasein C, 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 School®” at
M., =0.1. The configuration is shown at the top of Fig. 5. Note
that the model tested in the wind tunnel at the top of the figure is
slightly different than that where calculations were performed with
the AP95 and AP98. This slightconfigurationditferenceis due to the
fact the APC cannot handle the detailed dorsal and wing geometry
shown at the top of the figure. The configuration shown 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 DATCOM?® results were both given
in Ref. 37 for roll positions of & =0 and 45 deg. These results are
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Fig. 4a Schematic of M829 projectile configuration (from Ref. 36).
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comparedto the AP95 and AP98 atthe bottom of Fig. 5 for ® =0 deg
and to the AP98 only for ® =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
studies’®*? 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
Missile DATCOM?® for this case. We suspected that the low-aspect-

CONFIGURATION TESTED IN WIND TUNNEL (From Ref. 37)
(ALL DIMENSIONS IN INCHES)
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Fig. 5 Normal-force coefficient comparisons of body, dorsal, and tail
M =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 & =0 deg.

The last axisymmetric body case 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 fin spans were
considered. This model was tested at Mach numbers 1.6-3.5 at AOA
to about 18 to 20 deg. It had a boundary-layertrip present and was
tested at an Ry/ft of 2.0 x 10°. Reference 41 gave separate values
of base axial-force coefficient, 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 ® =45 deg roll is chosen, no AP95 computations will be
shown. Figure 7 presents the comparison of theory to experiment
for b, /b. =0.47 and 1.25. Results are shown for C,, Cy, and Cy,.
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As seen in Fig. 7, comparison of theory to experiment is quite ac-
ceptable and meets the average accuracy goal 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 =2.5 and b, /b, =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 b, /b. = 1.25 case at M =2.5. The
C4 results for & =0 deg from Ref. 42 were assumed to apply to
the ® =45 deg case because no control deflections were assumed
for this example. As seen in the Fig. 7, M3HAX gives reasonable
comparisonto data at & =45 deg. Reference42 shows M3HAX giv-
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Fig. 6 Canard-body-tail configuration with varying tail span (all di-
mensions in inches).
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ing improved comparisons to data at & =0 deg roll, compared to
& =45 degroll, particularly for normal-force and pitching-moment
coefficients.

The last three cases considered illustrate the new nonaxisymmet-
ric body capability of the AP98. The first of these cases is based on
the databases of Refs. 43 and 44, and the configurations considered
are shown in Fig. 8a. Figure 8a illustrates elliptical cross-section
configurations of ellipticity ratios of 2.0 at & =0 and 0.5 at & =90
deg. It also has squares at ® =0 and diamonds at $ =45 deg roll.
Finally, triangular and inverted triangular cross-section shapes are
alsoconsidered.All nonaxisymmetricbody cases shown were run on
the AP98 with an optimum value of the critical crossflow Mach num-
ber where transition from subcritical to supercritical conditions oc-
cur. This optimum value is not that critical for higher-Mach-number
computations,butis very importantto predict subsonicnormal force
accurately. The Fig. 8a configuration was tested to 24-deg AOA at
M., =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 squares and
triangles were very small, so a value of kK =0 was assumed in the
computations. The elliptical shape 10-caliber body of Fig. 8a was
tested later** at Mach numbers 0.6 to 2.0 and to AOA 56 deg. The
case shown here will thus be the elliptical 10-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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Comparisons of theory and experiment*! for configurations of Fig. 6 (D = 45 deg).



642 MOORE, MCINVILLE, AND HYMER

[:_—‘—f l=10d ‘——‘} Figure 8b gives the elliptical body results for a Mach number of
s — 1 2.0. Results shown are for ellipticity values of 0.5, 1.0, and 2.0 and
| + Y are givenin terms of normal- and axial-force coefficients and center
I;i"‘lgee“‘ B2 .1 “d=14in. of pressure. To get the ellipticity value of 0.5, configuration B, is
"b as 707d simply rotated to the ® =90 deg roll position as shown in Fig. 8b.
il Also, the axial-force coefficient does not include a base-drag com-
|1© O ponent. In examining the Fig. 8b comparisons of theory and experi-
B, & =2 byp=o  p=00 ment, one can see the theory does a fairly good job of predicting the
b 886 d aerodynamics on the elliptical case. The normal-force and center-
’ of-pressurepredictionsare quite encouragingas they are well within
- J D Q the average accuracy levels of =10% and +4% of body length, re-
B T¢ =00 p=45° spectively. The axial-force prediction comparisons are not as good
¢ as desired. However, this could be because of measurement accu-
. 1=10d ‘i 1167 racy where it is difficult to get accurate axial-force measurements
f"ﬁ 347 V with a sting designed for measuring normal force at high AOA.
< J ]A Theoretical and experimental results for the squaresand triangles
1 3470k of Fig. 8a are given in Figs. 8c and 8d, respectively. Only the 10-
B $=0" ¢=180° caliber-long configuration results at M = 1.98 are shown. Here the
N results are given in terms of lift coefficient, lift-to-drag ratio, and
Note: Corners of By and B, were rounded to a -, - in. radius. center of pressure. In general, comparison of theory and experiment

for the squares and diamonds is quite encouraging, although not

Fig. 82 Body-aloneconfigurationswith elliptical square, diamond, tri- as good as the circular cross-section shapes. The triangular-shaped

angular, and inverted-triangular shapes.*3
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body predictions for lift coefficient 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

10.000 ¢

1.414d

2.964 d

1
ﬁ 0.924d

3.205d
—4.000d

WING-BODY

d=26"

643

anellipse with an a/b = 2.0, and the noselength is 3.0 calibers. Fig-
ures 9b and 9c presentthe normal-forceand center-of-pressurecom-
parisons of experiment and theory at M = 0.6 and 2.0 for the wing-
body and wing-body-tail cases, respectively. Data for the wing-
body-tailcase at M = 2.0 were availableonly to « = 34 deg, whereas
all other cases have data to 60-deg AOA. As seen in Figs. 9b and
9c, theoretical predictions are quite good for center of pressure and
fair to good for normal-force coefficient.

The last configuration shown (Fig. 10) is a waverider con-
figuration taken from Ref. 45. Lift, drag, and pitching-moment
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Fig. 92 Geometry of the wing-body and wing-body-tail configurations with 2:1 elliptical bodies (from Ref. 32).
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Fig. 10 Wire-frame geometry of the wave rider (from Ref. 45).
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Fig. 11 Aerodynamic data for the Mach 14 wave rider of Fig. 10.

comparisons of theory and experiment at M =14.0 to o =25 deg
are shown in Fig. 11. Results are quite encouraging, even though
this configuration does not quite fit the triangular shape, which has
60-deg angles in all corners. Note that these results are based on a
375-in2 planform area.

No average accuracy assessmenthas been made as of yet for the
nonaxisymmetric body configurations similar to that available for
axisymmetric bodies. As more comparisons are made, this may be-
come more feasible. At present, the average accuracy of the normal-
and axial-force coefficients and center of pressure appear to be al-
most as good as the axisymmetric body if the configurations 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 defined as major technology needs and value-added tech-
nology needs. The difference between the definition 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 progressedto the point that it can com-
pute planar aerodynamics with acceptable accuracy over the con-
figuration and flight 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 first problem requires a
good generic wind-tunnel database, and this requirement is being
marketed to the Ballistic Missile Defense Office. 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-pitch plane aerodynamicsis par-
ticularly true forinducedroll. As aresult,at NSWCDD, either wind-
tunnel data or more accurate numerical codes have been used to
predictout-of-plane aerodynamics. 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 capability of the APC significantly while being much less
costly than the two major technologyneedsalready described.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 databases are limited to Mach number less than 4.6 and AOA of
40 deg); 2) using a new NASA database for fine tuning r/s effects;
3) integrating the APC with other software models to form system
engineering models; 4) modifying dynamic derivative calculations
so flared vehicles can be handled; 5) including a six-fin option in
the APC; 6) incorporatingbase bleed for projectile applications;7)
including nonlinear aerodynamics in the dynamic derivatives; and
8) incorporating methodology for internal shock interactions.

Over the history of the APC series (1972 to the present), sig-
nificant 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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