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A new version of the aeroprediction code (APC), the AP05, has been developed. The AP05 addresses additional
emerging projectile and weapon needs not met by the former version of the APC, the AP02, along with providing
additional productivity and user flexibility options. Some of the new elements of the AP05 include three-fin aero-
dynamics capability, trailing-edge wing bluntness effects on normal force coefficient, truncated fin leading-edge
and body-nose bluntness improvements on axial force coefficient, improved two-dimensional base pressure coeffi-
cients for fins, and small caliber weapons capability. Some of the improved productivity and user flexibility options
include trim aerodynamics, protuberance aerodynamics input options, increase in altitude limits for trajectory
simulations, and user-defined boundary-layer transition for the body and wing. In addition, several errors in the
APO02 were corrected for the AP05. Approximately 50 cases were considered for comparing the AP0S aerodynamic
predictions to the AP02 and experimental data. It was found that the AP05 gave improved accuracy over the AP02
compared to the experiment for those areas where new elements had been incorporated into the AP02 to form
the APO5 and where errors in the AP02 were corrected. However, for those cases where the new elements of the
APOS were not utilized, similar accuracy of the AP02 and AP05 codes compared to experimental data was seen.
Several of the new elements of the AP05 were seen to improve productivity substantially over the AP02, the most
significant being the automation of trim aerodynamics. The APO5 is, thus, the most accurate and robust of the

APCs produced to date.

Nomenclature

CMB(W) ) CMW(R)

pitching moment coefficient of body
in presence of wing or wing in presence

ABLE = area of blunt portion of wing leading edge, ft?
Ap = planform area of body in crossflow plane, ft> ofbody )
Apet = reference area (maximum cross-sectional Cu, +Cuy = pitch damping moment coefficient,
area of body, if a body is present, or [Cu(q)/(qd/2Vs) + Cu(a)/(@d [2V0)]
planform area of wing, if wing along), ft* Cuy,, ACy, = pitching moment coefficient derivative
R = aspectratio or change in pitching moment coefficient
Cy = axial force coefficient derivative, per radian
Cags Cap, Cay, = base, skin-friction, and wave components, (Cmo = pitching moment coefficient derivative for
respectively, of axial force coefficient sharp trailing edge fins, per radian
Cay = axial force of wings Cy, ACy = normal-force coefficient or change
(Ca)sk, (Ca)sw = axial force coefficient of a single fin or wing, in normal-force coefficient
respectively. Chy = normal-force coefficient of body alone
Cp = drag coefficient Cyany» Crger normal-force coefficient on body in presence
Cq, = crossflow drag coefficient of wing or tail
Cp = lift coefficient Cyy = normal-force coefficient of wing alone
Cp, = lift coefficient derivative, per radian My CNecay normal-force coefficient of wing or fin
(Cr,)o, (Cn,)o = lift coefficient or normal force coefficient in presence of body
derivative, respectively, with sharp Cy,, ACy, = normal-force coefficient derivative or change
trailing-edge fins, per radian in normal-force coefficient derivative,
Cyp = roll damping moment coefficient per radian
Cy, ACy = pitching moment coefficient or change in (CN)sw = normal-force coefficient of single wing
pitching moment coefficient (based on (two fins)
reference area and body diameter, if body Cp, Cp, = pressure and stagnation pressure coefficient
present, or mean aerodynamic chord, Cp,p = two-dimensional base pressure coefficient
if wing alone) C,Cry 4 = local chord, root, and tip chord
Cuy = pitching moment coefficient of body alone d,dg = diameter and body base diameter, ft
dy = diameter of truncated nose tip, ft
dret = reference body diameter, ft
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coefficient in presence of wing, or tail
to wing, or tail alone normal-force
coefficient at § =0 deg
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Kwey, Kres) = ratio of normal-force coefficient of wing
or tail in presence of body to that of wing
or tail alone at § =0 deg

l = length, ft or calibers

M = Mach number, freestream Mach number

My = Mach number normal to body, M, sin &

My, = normal Mach number to body where flow
goes supercritical (assumed
to be My =0.1 in AP0S)

QFE = launch angle, deg

Rey = Reynolds number

Rey, = crossflow Reynolds number where flow
transitions from subcritical to supercritical
condition

Rey, = Reynolds number where flow transitions
from laminar to turbulent conditions

TLE, 'TE = leading and trailing-edge radius of wing, ft

Tn = body nose tip radius, ft

t 1, = thickness, root chord, and tip chord thickness
of wing, ft

Voo = freestream velocity, ft/s

w = weight, Ib

Xcp = center of pressure in x direction, ft

or calibers from some reference point
that can be specified

Xcp/d = center of pressure, calibers from some
reference point

o = angle of attack, deg

y = ratio of specific heats of air

ACy, = change in axial force coefficient
due to truncated nose tip at subsonic
and transonic Mach numbers

AMy, = amount the Mach number deviates
from the assumed supercritical value
of My =0.1in APO5

8 = control deflection, positive leading edge
up, deg

n = ratio of normal force of circular cylinder

of given length to diameter ratio to that
of a cylinder of infinite length

P = roll position of missile fins, deg, where 0 deg
corresponds to fins in the plus orientation,
45 deg corresponds to fins rolled
to the cross orientation

Subscripts
trim = denotes conditions where trim occurs
so that pitching moment is zero
4f = four-fin data
Introduction

HIS This paper documents the new theoretical elements that

have been integrated into the 2002 version (AP02) of the aero-
prediction code (APC) to form the 2005 version of the APC, the
APOS5. APOS is the ninth version of the APC developed. The first
three versions of the APC, AP72 (Ref. 1), AP74 (Ref. 2), and AP77
(Ref. 3), were aimed at meeting unguided and guided projectile
requirements. The next four versions of the APC, AP81 (Ref. 4),
AP93 (Ref. 5), AP95 (Ref. 6), and AP98 (Ref. 7), addressed missile
requirements, which tend to fly at higher Mach numbers and angles
of attack (AOA) and also to have more general body geometries
than projectiles. AP0O2 (Ref. 8) met many projectile needs that had
emerged over about a 25-year period between 1977 and 2002. AP05
addresses several additional projectile and weapon needs along with
continuing to improve productivity and making the APC more ro-
bust. Table 1 summarizes the historical evolution of the APC.

The additional projectile and weapon needs mentioned ear-
lier include three-fin aerodynamics, trailing-edge bluntness effect
on normal force and center of pressure, and ability to compute
accurate aerodynamics on small diameter weapons (as small as

1-mm diameter). In addition, improved axial force accuracy for all
weapons that have truncated noses or truncated leading or trailing
edges was accomplished through development of improved method-
ology. Improved productivity was obtained by generating trim aero-
dynamics, by allowing user inputs for protuberance aerodynamics
and Reynolds number for boundary-layer transition, and by modi-
fying the trim trajectory option to fly at higher altitude than allowed
in the AP02. Finally, the code interface has been extended to operate
on Windows XP software along with Windows 98, 2000, and NT.
Therefore, it is believed the APOS is the most accurate and robust
of the APCs produced to date.

This paper will discuss the new theoretical elements added to
the APO2 to form the APOS. A single example will then be chosen
to illustrate each of the new methods. For those interested in more
examples or more detailed derivation of the new methods, Ref. 9
should be consulted.

APOS New Capability

Each of the new elements of the APO5 mentioned in the Intro-
duction will be briefly discussed in this section of the paper.

Three-Fin Aerodynamics

The multifin aerodynamics considered for the AP02 was to add
six- and eight-fin capability to the existing two- and four-fin capabil-
ity of the AP98. Since that time, several agencies have asked about
three-fin aerodynamics capability. The applications for the three-fin
configurations are rockets, flechettes, and other lower cost unguided
ordnance. As a result of this need, three-fin aerodynamic capability
will be a part of the AP0S.

To compute aerodynamics of configurations that have three fins,
slender-body-theory (SBT) will be used for low AOA. An extension
of the factors computed by computational fluid dynamics codes for
six- and eight-fin cases'® will be extended to three fins for high AOA.

Figure 1 shows SBT applied to a wing—body or body-tail case.
Refer to Fig. 1: It is seen that triform missiles exhibit roll indepen-
dence of aerodynamics at low AOA just like cruciform missiles. It
is also seen that the axial force, normal force, pitching moment, and
pitch damping moment coefficient for triform missiles is equal to
the body alone plus three-quarters of the cruciform wing alone or
wing plus interference effects as is appropriate. The roll damping is
equal to that of the body alone plus 80% of the cruciform fin value.

®~0°
Q&

Aerodynamics
are same as
for ®=0°

®=0°

Cn=Cng*[Kw(g) * Kew)ICnw
=Crg*[Kw) * Kel34(Csw
=CNB+3/4[CNW(B) + CNB(W)]

CA=CAB+3(CA)SF
=Cpgt3/4(Cp)

CM=CMB+3/4[CMW(B) + CMB(W)]

Xep=-Cm/Cn
Cip=(Cip)g+0.8(Cip),,
(Cuig*Cug)=(Crig*Cu)g*3/4(Cuig*Cng )t \

Fig. 1 Aerodynamics of triform body tail at low AOA as a function of
roll.
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Table 1 Evolution of APC in terms of major new added capability

Flight conditions

Nonlinear Trim
distributed Emerging aero-

Aero-  Mach Real gas AOA

Trajectory  loads projectile  dynamic

Version ‘Weapons dynamics No. available range,deg Roll, deg available available Computers needs outputs
1972 Axisymmetric Static 0-3 No 0-15 =0 No No CDC No No
unguided only
projectiles
1974  Axisymmetric Same 0-3 No Same Same No No CDC No No
unguided
projectiles,
rockets, missiles
1977 Same Staticand  0-3 No Same Same No No CDC, IBM No No
dynamic
1981 Same Same 0-8 No 0-15 Same No No CDC, IBM, VAX No No
(limited
configurations
at higher «)
1993 Same Same 0-20 Yes 0-30 Same No No CDC, IBM, VAX No No
Silicon
Graphics
1995  Same Same Same  Yes 0-90 Same No No Interactive No No
personal computer
1998 Axisymmetric Same Same Yes Same ®=0,45 No Yes Interactive No No
and asymmetric personal computer
missiles, rockets Windows 98 only
2002  Same plus Same Same  Yes Same Same  Yes Yes Improved Yes No
6, 8 fin interactive
personal computer,
Windows 98,
2000, and NT
2005  Same plus Same Same  Yes Same Same  Yes with  Yes Same plus Yes plus Yes
3 fin altitude Windows XP additional
increase capability

At high AOA, triform fins are assumed to have the cos? 30 deg =
0.75 factor applied to the cruciform values of wing—body and body—
wing interference effects as well. In other words, at high AOA, the
factors in Fig. 1 are applied to the cruciform fin aerodynamics.

The way the triform aerodynamics are computed in the APOS is
as follows:

1) Compute aerodynamics of a cruciform body-tail configuration
identical to the triform case except we have four fins at ® =0 deg
roll vs three fins.

2) Compute body alone and wing—body interference aerodynam-
ics at the roll, @ and M conditions desired.

3) Compute aerodynamics of the triform missile at each o and M
from the equations given in Fig. 1

Trailing-Edge Bluntness Effect on Normal Force

The motivation behind incorporating trailing-edge bluntness ef-
fects into the APC is driven by the desire to estimate more accurately
the normal-force coefficient slope and static stability of guided pro-
jectiles at high launch velocities. Many guided projectiles are con-
strained in length, and with the desire to increase range, any im-
provements in static stability at high Mach numbers is important.
The trailing-edge bluntness effect on low AOA normal-force coeffi-
cient has been presented previously,'! and therefore, the results will
only be briefly summarized here for completeness.

In Ref. 12, it was shown that there was a consistent improvement
in normal-force coefficient slope of wings at low AOA, with the
percent increase in Cy, increasing with increasing supersonic Mach
numbers. In Ref. 12 a simple formula is given to estimate the effect
of trailing-edge thickness on the lift curve slope with engineering
accuracy as

Cr, = (Cr,),[1 + 1.2(h/0)] e
Chapman!? indicated Eq. (1) was a first approximation to the

trailing-edge thickness effects for wings of aspect ratio greater than
one, for Mach numbers between 1.5 and 3.1, and for turbulent flow

on the wings. The wings that were tested also had a sharp leading
edge and were rectangular. Equation (1) basically says that the lift
coefficient slope at small AOA for a wing with trailing-edge thick-
ness is increased in a direct proportion to the trailing-edge thickness.
For example, for a wing that had a 10% trailing-edge thickness ratio
(h/c=0.1), then Eq. (1) says that the C;, is increased by 12% over
a wing with no trailing-edge thickness, C,, =1.12(Cy, )o.

In Ref. 11 a semi-empirical expression is derived analogous to
Eq. (1), but more general and robust in its application, that is,

Cr, = (CLu)0 [L+ fith/c, M) fo(ris/D)

x f3(AR) fu(NF)(h/c)/(t/c)] (@)

Basically, Eq. (2) is analogous to Eq. (1) if one assumes
fith/e, M) =1.2(t/c), fa(ree/t) = 1.0
f(R) =1.0, f+(NF) = 1.0 3

Another way to look at Eq. (2) is that the lift of wings with blunt
trailing edges will be increased slightly over those of sharp trailing
edges. The amount of the increase will be defined by the second
term within the bracket of Eq. (2). The amount of the increase in
lift (or pitching moment) is a function of not only the trailing-edge
thickness, but Mach number, wing aspect ratio, wing leading-edge
radius, and number of fins (NF) present. Each of the parameters f;,
f2, f3, and fy were derived in Ref. 11. The parameter f; is defined
by Fig. 2, f, by Eq. (4), f3 by Eq. (5), and f; by the multifin factors
in Table 2 for six and eight fins or Fig. 1 for three fins. For those
interested in the details of the derivation of fi, f>, f3,and fy, Ref. 11
should be reviewed. Thus,

1-2
fr= (%) @

0.128

RMZ =1

LR =1- My > 12
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Table 2 Approximated values of the facors F¢ and Fg obtained from smoothed values
of the ZEUS and GASP code computations and engineering judgment

Fe¢: Mach number

Fg: Mach number

« 0.6 15 2.0 3.0 45 0.6 15 2.0 3.0 45
R=025
0 126 137 127 119 122 190 142 140 127 120
15 100 100 110 119 135 145 103 117 127 135
30 100 100 100 119 122 100 100 101 127 122
45 100 100 100 100 100 100 100 100 100  1.00
60 100 100 100 100 100 100 100 100 100  1.00
75 100 100 100 100 100 100 100 100 100  1.00
9 100 100 100 100 100 100 100 100 100  1.00
R=0.50
0 135 125 120 130 147 200 136 128 135 172
15 106 110 115 129 150 150 118 124 140 183
30 100 100 107 129 136 100 108 116 141  1.60
45 100 100 100 100 100 100 100 104 106  1.20
60 100 100 100 100 100 100 100 100 100  1.00
75 100 100 100 100 100 100 100 100 100  1.00
9 100 100 100 100 100 100 100 100 100  1.00
R=10
0 140 122 135 142 150 192 127 158 196  2.00
15 115 L13 123 132 150 169 138 138 180  2.00
30 107 100 100 121 138 143 128  LI15  164 200
45 102 100 100 L10 113 120 105 100 148 16l
60 100 100 100 100 100 100 100 100 132 125
75 100 100 100 100 100 100 100 100 116  1.00
9 100 100 100 100 100 100 100 100 100  1.00
R=2.0
0 142 150 150 150 150 192 177 197 192 190
15 131 141 127 139 150 170 195 175 177 2.00
30 117 100 103 127 145 147 165 157 162 210
45 103 100 100 114 123 125 132 127 147 195
60 100 100 100 100 100 102 100 102 132 162
75 100 100 100 100 100 100 100 100 117 132
9 100 100 100 100 100 100 100 100 100  1.00
R=40
0 150 150 150 150 150 200 190 200 200 200
15 133 141 127 139 150 170 195 175 177 2.00
30 117 100 103 127 145 147 165 157 162  2.00
45 103 100 100 L14 123 125 132 127 147 195
60 100 100 100 100 100 102 100 102 132 162
75 100 100 100 100 100 100 100 100 117 132
9 100 100 100 100 100 100 100 100 100  1.00

.20
tlc>.10
15 —
i L
=
g 10 —
057 Extrapolated Based on Exp13
t/c=0
00 T T T ] I ]
0 2 4 6 8 10 12
MOO

Fig. 2 Parameter used to define the additional normal force increment
of a wedge compared to a double wedge airfoil.
HAR) =1, My <038

My, —0.8
0.4

0.8 <My, <12

S(R) = () m=0s+

[(fBm=12— (f3)m=0sl (&)

Substituting Egs. (4) and (5) into Eq. (2) along with use of Fig. 2
and Table 2 allows one to calculate an approximate value of increase

in the low AOA normal-force coefficient of fins. Again (Cy,)o of
Eq. (2) is the flat plate, wing-alone value from the APOS, and f;
is defined by interpolation using given wing parameters and Fig. 2.
Equation (2) is the final expression to incorporate wing trailing-edge
thickness effects into the low AOA wing lift curve slope.

The APOS uses a fourth-order method to predict the wing normal
force as a function of AOA, Mach number, aspect ratio, and taper
ratio. The value of (Cy,)q~0 is one of the parameters used in the
fourth-order method, but it has increasingly less importance as AOA
gets larger than 15-20 deg.

In Refs. 12-14, it is shown that there was little change in the
wing alone center of pressure due to wing trailing-edge thickness.
Because the center of pressure of the wing alone is simply the pitch-
ing moment divided by the normal force, the implication is that
wing trailing-edge bluntness affects the pitching moment similar to
the normal force. Therefore, the wing-alone pitching moment of the
APOS5 will be modified exactly as follows for trailing-edge bluntness
effects, that is,

Cuy = (Cu o [1+ fi(h/c, M) fo(rie/t)

x f3(AR) f4(NF) (h/c) /(t/c)] (0)

The effect of Egs. (2) and (6) on the overall configuration aerody-
namics will, thus, be to add a slight amount of normal-force and
pitching moment coefficient to a wing with blunt trailing edges,
particularly for small AOA. If this wing is located at the rear of the
configuration, it will have a stabilizing effect on the vehicle. This
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stabilizing effect will be the strongest at the higher Mach numbers.
On the other hand, if the wing is at the front of the vehicle, the effect
will be destabilizing.

Truncated Fin Leading-Edge Axial Force Improvements

In investigating the accuracy of the AP02 compared to experi-
mental data, it was found that fins that had truncated leading edges
gave axial-force accuracy problems for Mach numbers less than
1.2. As a result of the need for improved axial force accuracy for
truncated leading edge fins, an approximate method was derived.

An approximate method to account for the axial force coefficient
on the truncated leading edge of a wing is given by

Cayy = 0.5Cp,(ApLE/ Aret) @)

Cp, of Eq. (7) can be approximated from
Cpy = (2/)/M§0)|:{l +1(y — D2} - 1] ®)

Apy g 18 the frontal area of the flat-faced portion of the wing. Equa-
tions (7) and (8) will be integrated into the AP02 code for Mach
numbers 0.85 and below. For Mach numbers between 1.05 and 0.85,
linear interpolation is used between the AP02 values for the wing
wave drag at M = 1.05 and the value computed by Egs. (7) and (8)
at M = 0.85. Note that if the wing leading edge is rounded vs being
truncated, no appreciable pressure drag occurs on the leading edge
at subsonic Mach numbers according to Ref. 14. The current version
of the APO2 will give good results for sharp or rounded leading-edge
wings, and so no modifications are needed for these wing shapes.

Two-Dimensional Wing Base Pressure Coefficient Improvements

When the accuracy of the wing axial force coefficient for wings
that had blunt trailing-edge fins was assessed, it was found the accu-
racy could be improved on. It was concluded the accuracy problem
was attributed to the values of two-dimensional base pressure coeffi-
cient at transonic and subsonic Mach numbers. This conclusion was
based on flight-test data'> for a configuration that had large wings
with both sharp and truncated trailing edges. As a result of this con-
clusion, improved two-dimensional base pressure coefficients were
derived empirically and are given in Table 3. As seen in Table 3, the
APO5 values deviate from the APO2 values for Mach numbers less
than 1.3.

Table 3 Improved values of the two-dimensional base
pressure coefficient for AP05

Cpyp
My AP02 APO5
0.00 0.240 0.430
0.50 0.260 0.430
0.70 0.285 0.430
0.80 0.305 0.450
0.85 0.325 0.480
0.90 0.345 0.520
1.00 0.440 0.610
1.05 0.435 0.580
1.10 0.430 0.550
1.20 0.420 0.450
1.30 0.390 0.390
1.50 0.337 0.337
1.70 0.285 0.285
1.90 0.245 0.245
2.10 0.213 0.213
2.30 0.186 0.186
2.50 0.165 0.165
2.80 0.115 0.115
3.10 0.095 0.095
3.70 0.078 0.078
4.00 0.070 0.070
4.30 0.055 0.055

Truncated Nose Drag Improvements for Mach Numbers Below 1.2

Another area of weakness in the AP02 is transonic and subsonic
pressure drag when the body nose has a large truncated portion vs
rounded or sharp. The AP02 uses the methods of Wu and Aoyoma'®
or a full potential solution'” for sharp or blunt bodies in transonic
flow in a table lookup fashion. However, neither of these approaches
are accurate or even applicable for truncated noses. As a result, a
semi-empirical approximation was derived, using data from Ref. 18,
to approximate the additional axial force coefficient for M, < 1.2
when the nose has a truncated tip. The new method will be briefly
summarized here. For details of the new method, the reader is re-
ferred to Ref. 11.

To solve the truncated nose tip axial force problem for M, < 1.2
of the AP02, an empirical term will be added to the axial force
coefficient for M, < 1.2. The empirical term is defined based on the
experimental data of Ref. 18 minus values of base drag, skin-friction
drag, and wave drag for 0.7 < M, < 1.2 predicted by the AP02.
Using this approach to modify the wave drag term for truncated
nose tips for Mo, < 1.2, we define

2
d 2d d
ACy, = Ci(M)Cp, | == Y1), Y>os
dref dref ref
dy
AC4, =0, <05 ©)
ref
where
0.73; M, <07
CiM)y=1{129-08M,; 0.7<M, <1.05 (10)

345 -288My; 105 <M <12

Cpyof Eq. (9) is defined by Eq. (8) and dy/d.g is the ratio of the
nose truncated tip diameter to the reference diameter. The last term
of Eq. (9) was arrived at based on comparison of the AP02 to a
configuration that had a 50% truncated nose tip bluntness with a
nose length of 0.75 calibers. For the 50% nose tip bluntness, the
APO2 predictions agreed reasonably well with experimental data.
This leads one to conclude the additional nose pressure drag from
truncated nose tips in subsonic and transonic flow comes from large
truncated nose tips dy /dyer > 0.50. Unfortunately, Ref. 18 did not
have data for configurations other than dy /df=1.0 and 0.5. As a
result, a linear interpolation of the ACj,, term of Eq. (9) is assumed
between the dy /ds values of 0.5 and 1.0.

Trim Aerodynamics Output

One of the major applications of the aeroprediction code is to
provide trim aerodynamics for inputs to a three-degree-of-freedom
(3-DOF) simulation model. Trim aerodynamics are defined at AOA
where the pitching moment about the center of gravity is zero. The
APO2 incorporates a 3-DOF model with the aerodynamics code, and
trim aerodynamics are computed automatically and used as inputs
for the trajectory model. However, for those engineers who still
want to use the APC to provide trim aerodynamics to their own
3-DOF model, the engineer must perform this task iteratively with
the APO2. Typically, a control deflection is chosen and the AOA
found iteratively through trial and error that allows zero pitching
moment. When several control deflections are assumed at each of
several Mach numbers, this process can take about a day for an
experienced engineer.

The APOS provides an option for the user to allow the calculation
and output of trim aerodynamics. This option will save considerable
time and dollars for those who want to perform this task on many
configurations. Typical outputs are trim values of C4, Cy, Cp, and
C,, for various values of control deflection, Mach number, and trim
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AOA. A new set of plots are also available in the postprocessor of
the APOS for trim aerodynamics.

Protuberance Aerodynamics Input Option

The AP02 and all prior versions of the APC allow inputs for a
rotating band if the weapon is a spin-stabilized projectile. How-
ever, many weapons have irregular shapes on the outside of the
body, which can contribute slightly to the aerodynamics. Exam-
ples of some of these external configuration protuberances include
electronic guide wires on missiles from the forward guidance to
aft control surfaces, slots located both longitudinally and circum-
ferentially around the body, and screw threadlike grooves used in
launching certain projectiles. Some protuberance aerodynamics can
be approximately modeled by the APC, but most can not be accu-
rately predicted. As a result of this deficiency in the APO2, the
APOS5 will allow static aerodynamics to be input for protuberances.
These additional inputs for protuberances allow terms for axial-
and normal-force and pitching moment coefficients. The change in
center of pressure due to protuberances can be calculated directly
from the protuberance inputs for pitching moment and normal force.
Also note that one can input protuberance terms for axial force co-
efficient only, with ACy, and AC), being zero. The protuberance
axial force inputs are allowed to vary with Mach numbers but are
given at some AOA and assumed to be constant at other AOA. The
protuberance aerodynamic inputs for normal-force and pitching mo-
ment coefficient are defined in terms of slopes, that is, ACy, and
ACy,, which are allowed to vary with Mach number. Since they
are linear slopes, they should be expected to give changes in ACy
and AC), at low AOA or one can choose to take average changes
with AOA. Also, AC4, ACy,, and AC), can be input at both the
@ =0 and P =45 deg roll orientation if wings are present. If the
configuration is a body alone, only ® = 0 deg roll is allowed.

User-Defined Boundary-Layer Transition for Body and Wing

The APO2 has four boundary-layer options. These include all
laminar flow, wind-tunnel model with or without a boundary-layer
trip, and typical flight. For the all laminar flow case, the APC arti-
ficially sets a very high transition Reynolds number in the code so
that the flow will remain laminar over the wings and body. For the
wind-tunnel model with boundary-layer trip, the APC artificially
sets a very low value of transition Reynolds number in the code so
that the flow is turbulent over the body and lifting surfaces. Typical
flight means you want to obtain axial force you would expect for
a weapon in flight, not in a wind tunnel. Typical flight assumes a
transition Reynolds number of 1 x 10° on the body and 0.5 x 10° on
the wings. For the wind-tunnel model with no boundary-layer trip,
transition Reynolds numbers of 4 x 10° and 2 x 10° for the body
and wings, respectively, are assumed.

Whereas the four boundary-layer transition options discussed
cover many options the engineer would like to model, there are
some cases that do not fit within the four options given. Some of
these include different transition Reynolds number for the wind-
tunnel model with no boundary-layer trip option than the ones as-
sumed. In some cases, the body may have a trip and the lifting
surfaces do not. Also, a ballistic range model may be somewhere in
between the wind-tunnel and free-flight transition Reynolds num-
ber, and in some cases, a boundary-layer trip may be effective at
some Mach numbers, but at other Mach numbers the flow may re-
laminarize. As a result of the desire to have more boundary-layer
transition alternatives, the APO5 will include a fifth option. The
fifth option will allow the user to define individual boundary-layer
transition Reynolds numbers for the body and the wings. This new
option will allow the user more flexibility in accurately modeling
the skin-friction drag component of the axial force, assuming the
user knows what the transition Reynolds number is. If the user
has axial-force experimental data, but does not know the transi-
tion Reynolds number, the user can use the APO5 code in a trial and
error mode to select a transition Reynolds number that more closely
matches the data. This transition Reynolds number could then be
used for other APO5 computations on the same configuration, assum-

ing of course the model size and external smoothness remained the
same.

Small Caliber Weapons

Atarecent AP02 theory and users course taught at Picatinny Arse-
nal in New Jersey, it was found that, for small diameter ammunition,
the AP02 gave predicted aerodynamics that varied considerably as
the diameter decreased below about 12 mm. When the root cause of
the problem was examined, it was concluded that not enough dec-
imal places were allowed for the input geometry read statements.
The read statements in the original FORTRAN code required all
dimensions to be input in feet and areas in square feet. Four dig-
its behind the decimal point were allowed for linear dimensions,
and five digits for areas were allowed. For diameters of 12 mm
and greater, the input geometry accuracy proved satisfactory to give
consistent accuracy on aerodynamics. However, for small caliber
ammunition, inconsistent results were obtained. The APO5 solved
this problem by increasing the number of digits behind the deci-
mal point for linear dimensions to six places from four and areas to
eight from five. The APOS now gives consistent aerodynamics for
diameters as small as 1 mm. It is believed the APOS can, therefore,
be used for all diameter weapons, whereas the AP02 was limited to
12-mm diameter and higher to get consistent results.

Increase in Altitude Limits for Trajectory Models

The APO2 code was limited in altitude to 250,000 ft, which
is about where the atmosphere begins to transition from contin-
uum to free molecular flow. Continuum flow equations (such as
the Navier—Stokes, Euler, etc.) can be used in altitude up to about
500,000 ft but with a slip boundary condition in the viscous equa-
tions vs a no-slip condition. As shown in Chap. 2 of Ref. 17, the
aerodynamic forces and moments become very small for altitudes
greater than about 250,000 ft and can, therefore, be neglected com-
pared to the vehicle weight for many applications. However, regard-
less of the size of the aerodynamic forces and moments, there have
been applications where the user has desired to generate trajectories
that have altitudes greater than 250,000 ft.

Trajectory models have all forces and moments included, includ-
ing the Earth’s gravitational pull, which is also a function of alti-
tude. Hence, even though the aerodynamic forces can be neglected
at high altitude for many applications, the weapon still flies in a
near vacuum,'® governed primarily by the force of gravity in the
conservation equations of motion. The APOS5 code will, therefore,
allow the weapon to continue to fly above 250,000 ft, whereas the
APO02 will not.

APO2 Errors Corrected for AP05

There were several errors in the AP0O2 that were corrected and,
therefore, will result in more robustness and better accuracy for the
APOS5 compared to the APO2 for cases where those errors had an
impact. The first of these errors had to do with the inconsistency
of wave drag when the smoother was on. The total axial-force co-
efficient was smoothed correctly, but the wave drag term was not
corrected to be consistent with the total axial-force coefficient. This
inconsistency was corrected for the APOS.

A second problem was found for the roll position of 45 deg, for
values of o + § > 40 deg, and for Mach numbers between 2.01 and
2.5. This problem gave erroneous results in the static aerodynamics
and has been corrected for the APOS.

A third problem was also uncovered at the roll position of 45 deg
at subsonic Mach numbers when « and 6 were opposite signs. This
problem caused the code to malfunction at certain conditions. Again,
this problem was solved and was fixed for the APOS.

A fourth problem fixed was the transonic wing-alone lift gener-
ated by airplane DATCOM to incorporate thickness effects. It has
been found over the years that the thickness effects derived based on
aircraft wings appear to be exaggerated for missile configurations.
As aresult, the wing-alone thickness effect on normal-force coeffi-
cient at transonic speeds was decreased by a factor of four over the
airplane DATCOM predictions.
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In addition to the aforementioned corrections in the FORTRAN
code of the APC, there were several corrections made to the pre-
and postprocessor for the code. These corrections involve correcting
the dimensions on several of the screens in the ballistic model and
aerothermal model.

We typically spend several months in validating a code before
releasing it to the public. The APO5 will be treated the same; how-
ever, there are sure to be errors we will not catch. We appreciate feed
back from users when they find a problem. Sometimes the problem
is with user inputs, but other times it may be a code error.

Summary of Aerodynamic Methods

The preceding section of this paper summarized the new methods
that will be included in the APOS5 that were not available in the AP0O2.
In Ref. 17 the methods used in the AP72 up through the AP98 are
summarized. In Ref. 8 the new methods for the AP0O2 are summa-
rized. In general, all versions of the APC are based on SBT, linear
theory, or second-order theory at low AOA and empirical methods at
high AOA. The low AOA theoretical methods gives the APC a good
foundation to predict aerodynamics for various geometries and for
various flight conditions up to AOA of about 10 deg. The empiri-
cal methods were developed based on large wind-tunnel component
databases, in conjunction with total configuration databases, and al-
lowed the low AOA theoretical methods to be extended to 90-deg
AOA. The overall approach of combining the low AOA methods
with the wind-tunnel databases to form a semi-empirical APC is
described in Ref. 17, Chaps. 3 and 5.

A summary of the theoretical methods that make up the AP0OS
are shown in Tables 4—7. Table 4 gives the body-alone methods,
Table 5 provides the wing and interference methods, Table 6 shows
the dynamic derivative methodology, and Table 7 gives the trajectory
and trim aerodynamics options for the APO5. In Tables 4-7 the new
technology integrated into the APO2 that makes up the APOS is
noted.

Results and Discussion

Example cases will now be shown for many of the new APO5
technologies discussed earlier in this paper.
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Fig. 3a Model cross section configurations (from Ref. 20).

Multifin Aerodynamics and Truncated Leading-Edge Effects

One example will be shown to illustrate the application of the
new three-fin aerodynamics capability to the existing four-, six-,
and eight-fin capability of the AP02.

The case considered is the triangular cross-section configuration
of Fig. 3a. Figure 3a configurations are taken from Ref. 20, where
aeroballistic range tests at the Aeroballistic Range Facility (ARF)
were conducted for various circular and noncircular cross section
shapes. For the triangular configuration of Fig. 3a, both the AP02 and
APOS5 can be used to predict aerodynamics because the triangular
cross section methodology of the original AP98 assumed three fins.
However, the noncircular cross-section methodology developed for
the AP98 assumed the three fins were oriented in the horizontal
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Fig. 3b Comparison of theory and experiment for three-fin triangular
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Table 4 APOS methods for body-alone aerodynamics

Subsonic Transonic Low supersonic Mod/high supersonic Hypersonic
Component My <0.8 08 <My <1.2 12<My <18 1.8 <My <6.0 My > 6.0
Nose wave drag® Improved Improved Second-order SOSET plus IMNT SOSET plus IMNT
empirical® semiempirical Van Dyke plus modified for
based on Euler MNT real gases
solutions?
Boattail or flare --- Wu and Aoyoma  Second-order SOSET SOSET for real
wave drag Van Dyke gases
Skin-friction drag® Van Driest II with more boundary-layer transition options®
Base drag Improved empirical method
Power-off Emprical
Power-on Modified Brazzel method
Base bleed Modified Danberg method
Axial force at o Empirical method
Aeroheating --- SOSET plus IMNT for real gases
information
Inviscid lift and Empirical Semiempirical Tsien first- SOSET SOSET for real
pitching moment based on Euler order gases
solutions crossflow

Viscous lift and
pitching moment
Nonaxisymmetric
body aero
Lifting
properties
Axial force
Nonlinear structural
loads available
(® =0, 45 deg)
Protuberance
aero input
options?
Accurate small
caliber arms aero®

Improved Allen and Perkins crossflow

Modified Jorgensen
Modified axisymmetric body
Yes

Yes

Yes

*New technology integrated into AP02 that makes up APOS5.

plane vs being oriented at 120 deg apart, as shown in Fig. 3a. To
calculate the best answers AP02 or APO5 will provide for this con-
figuration will require two separate computations for the AP02 and
one for the AP0O5. We will consider AP0O2 computations first. The
first APO2 computation is for axial force coefficient where three fins
of the correct span (20 mm) is used in the computation process. The
second AP02 computation is for lifting properties, where the cor-
rect span in the horizontal plane must be used. This value of span
is 20 cos? 30 deg = 15 mm. The reason for the cos’ 30 deg is that
the normal force of a fin is always perpendicular to the fin and the
fin area in the 30-deg plane projected to the horizontal plane gives
the second cos 30 deg. This example illustrates how a configura-
tion that does not fit exactly into the methodology on which the
APO02 was developed can still be considered by appropriate design
changes and appropriate knowledge of aerodynamics theory. On the
other hand, the three-fin methodology of the APO5 accounts for the
(cos 30 deg)? term, as shown in Fig. 1. Thus, the three-fin triangular
configuration aerodynamics can be computed with one calculation
using the true value of wing span of 20 mm.

The results of the two separate calculations for axial and lift-
ing properties for the AP02 and APO5 compared to the ARF data is
shown in Fig. 3b. Note that the APO5 gives slightly improved results
for the Cy4, Cy,, and Xcp/d, over the APO2 compared to ballistic
range data. Agreement of the APO5 theory and experiment is quite
good for C4 and fair to good for Cy, and X¢p/dys. The improve-
ment in C, is due to both the truncated leading- and trailing-edge
improvements in axial force discussed earlier in the paper.

Wing Trailing-Edge Aerodynamics

This section of the paper will consider an example to validate the
new methodology to incorporate trailing-edge bluntness effects on
normal-force and axial-force coefficient.

The configuration is a typical guided projectile concept with 8
tail fins for stability. It is 12.17 calibers in length with a low drag
nose and a boattail (Fig. 4a). The unpublished wind-tunnel test data
(provided to Aeroprediction, Inc., by Seth Renaldi of the U.S. Naval
Surface Weapons Center, Dahlgren Division) was for fins with a
single wedge, except at M, = 3.5, where both single and double
wedge fins were tested. The fin cross-sectional shapes are shown
in Fig. 4a. Figure 4b shows a comparison of the AP0O5 predictions
for both the single-wedge (SW) and double-wedge (DW) cases to
the SW experimental data. The DW axial-force experimental data
at M =3.5 was approximately the same as the SW value. Note the
improved predictions of the APO5 compared to experiment and the
APO2 for M, < 1.3. In general, good agreement with experiment
is seen, particularly with the AP0S.

Figures 4c and 4d show a comparison of the theory to experiment
for both the normal-force coefficient derivative and the center of
pressure. The values shown in Figs. 4c and 4d were derived based
on experimental data of 2-deg AOA, and the AP02 and APOS5 cal-
culations were performed at 2-deg AOA also. Note in Figs. 4 that
the APO2 gives the same values for Cy, and Xcp for the SW and
DW fins, whereas the APOS5 shows improvements in predictions for
both the SW and DW. The DW improvements come from adding an
aspect ratio of 4 in Table 2, whereas the AP02 uses aspect ratio 2
data for all aspect ratios 2.0 and greater. The SW improvements in
Figs. 4c and 4d come from both the Table 2 extension as well as the
new methods of Egs. (2) and (7). In general, the APO5 shows im-
provement compared to experiment over the AP02. The AP0OS5 shows
good agreement to experiment for Cy, . The center of pressure is pre-
dicted too far forward by about a half a caliber at transonic speeds.
Of particular importance is the comparison of the AP0O5 SW and
DW data to experiment at Mach 3.5. Whereas the absolute value of
the theory is off slightly for both Cy, and Xcp, the magnitude of the
experimental difference between the SW and DW is predicted quite
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Table 5 APOS methods for wing-alone and interference aerodynamics

Subsonic Transonic Low supersonic Mod/high supersonic Hypersonic
Component My <0.8 08<My<1.2 1.2<My <1.8 1.8<My <6.0 My > 6.0
Wave drag? Semi-empirical® Improved Linear theory Shock SE plus MNT
semi-empirical® plus MNT Expansion (SE) for real
plus MNT along strips gases along strips

Skin-friction drag?
Trailing edge
separation drag

Van Driest II with more boundary-layer transition options?

Improved empirical®

Body base pressure Empirical
caused by tail fins
Inviscid lift and Lifting surface Empirical 3DTWT 3DTWT 3DTWT
pitching moment theory
Linear Linear®
Nonlinear Empirical®
Impact of trailing Semi-empirical®
Edge bluntness
Wing-body, body—wing
interference
(P =0, 45 deg)
Linear Slender body theory or linear theory modified for short afterbodies
Nonlinear Improved empirical
Wing-body
interference due to &
(=0, 45 deg)
Linear Slender body theory
Nonlinear Improved empirical
Wing—tail Line vortex theory with modifications for Ky ()
interference term and nonlinearities
(® =0, 45 deg)
Aeroheating None present SE plus MNT SE plus MNT real gases
Nonaxisymmetric Improved Nelson method
body aero (¢ =0, 45 deg)
Nonlinear st. loads No Yes
available (¥ =0, 45 deg)
2,3,4,6, 8 fin aero®
Linear® Slender body theory®
Nonlinear® Semi-empirical (CFD + data)?
Trailing-edge flaps Semi-empirical (seek tail deflection for equal normal force)
on tails
“New technology in AP0S.
Table 6 APOS5 methods for dynamic deratives
Subsonic Transonic Low supersonic Mod/high supersonic Hypersonic
Component My <0.8 08 <My <12 12<My <138 1.8 <My <6.0 My > 6.0
Body alone
No flare Empirical
With flare Semi-empirical
Wing and Lifting surface Empirical Linear thin wing theory
interference theory
roll damping
moment
Wing magnus Assumed zero
moment
Wing and Lifting surface Empirical Linear thin wing theory
interference theory
pitch damping
moment

Table 7 Trajectory and trim aerodynamics capability

well. Unfortunately, experimental data for the DW are unavailable

within APC for Mach numbers other than 3.5.
Simulation mode AP72-AP98 APO2 APO5
- Small Caliber Weapon Aerodynamics
Particle None One of the problems with the AP02 and all prior versions of the
Ballistic Yes Yes s . .
APC is its accuracy when applied to small caliber weapons. Small
3 DOF None Yes Yes . .
Trim aero outputs® None None Yes? caliber is here defined as about 12 mm or less. The problem arose

as a result of the APC being developed primarily for medium and

“New technology for APOS5.

large caliber weapons (20 mm and larger) and not allowing enough
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decimal places for geometry inputs. The APOS increases the number
of decimal places for geometry inputs so that consistent accuracies
can be maintained down to at least 1 mm in diameter. The 1-mm
diameter is envisioned to be the smallest diameter for practical use.

A practical small diameter case to consider is the Remington 223
round. E. Vazquez of the Picatinny Arsenal in New Jersey provided
the external shape and some ballistic range data for the 223 round.
Remington places the trajectory information on the back of a box of
their shells, which are sold to the public. Unfortunately, the round
provided by Vazquez was 55 grains, and the Remington shells that
range information was available on were 50 grains. Hence, because
the external shape of the rounds is the same, we can compare the
APOS5 aerodynamics to the range data. Then we can use the external
aerodynamics along with the weight and other information from

the box of Remington 223 shells to compare the predicted APO5
trajectory. Figure 5a shows the external design of the 223 round,
with the dimensions in calibers (1 caliber =0.223 in.) Figure 5b
then gives the axial force information of the 223 projectile range
data and the APOS. Results for the APOS are given at three AOA
based on the flight data provided to API as having angle of yaw
between about 2 and 11 deg. As seen in Fig. 5, the bullet apparently
has its maximum yaw out of the barrel, which is fairly typical for
most ammunition. When the Mach number has decreased to 1.6, the
angle of yaw appears to have decreased to about 5 deg, and when
the bullet has decreased in Mach number to 1.25, the angle of yaw
is close to zero.

For the ballistic trajectory simulation, one can not vary the AP0O5
AOA calculations because the ballistic model assumes a zero AOA.



250 MOORE AND HYMER

) 6.0
—
T
9° @
N
—~|.38 | 6 R
1.32 >
3.35
a)
e,
05 (’\‘
l\\
0.4
03
Ca
02
E
© (R);‘:ge Data)
0.1 — a=0°
- — — a=5° }AP05
- — . — 0=10°
0.0 T T T
0 1 2 3

b)

1IV=3300 f/s
W=.007 Ibs

| ® Remington Data
= APO5 Predictions
| | | | |

0 100 200 300 400 500
Range(yds)

N
|

Altitude(yds)

o

c)

4000 |~

© Remington Data
= APO5 Predictions

1V=3300 f/s
W=.007 |bs

| | | | |
0 100 200 300 400 500

Range(yds)

'O

Velocity(ft/sec)
S
3
I

o

d)

Fig. 5 Remington 223 projectile: a) configuration (all dimensions in calibers), b) comparison of axial force between AP05 and range data, c)
comparison of altitude vs range data and AP05, and d) comparison of velocity vs range data and AP0S.

However, the ballistic model has a form factor that allows one to
account for the variation in drag due to AOA variation. A form factor
of 1.037 does a good job in matching the Remington trajectory with
the APOS trajectory. This says, on average, the Cp of the actual
trajectory is about 3.7% higher than the zero AOA axial force of
Fig. 5b.

Figures 5¢ and 5d show a comparison of the actual trajectory given
by Remington for the 223 round to that predicted by the AP0S. The
round was sighted in by Remington at 200 yd, which means the gun
was elevated slightly so the bullet would hit the bullseye at 200 yd.

The actual data used by Remington is as follows: initial velocity
(IV) = 3300 ft/s, crosswind = 10 mph, sights 1.5 in. above bore, and
weight = 50 grains = 0.007 1b.

The inputs for the APO5 trajectory model are as follows:
IV =3300 ft/s, crosswind =10 mph, elevation=3.5 min, form
factor =1.037, AOA =0 deg, height at launch =5 ft, and weight =
0.007 Ib.

Figure 5c gives the altitude vs range comparison, and Fig. 5d
shows a comparison of the velocity vs range. As seen in both Figs. 5¢
and 5d, the APOS predicts the trajectory very well. However, as
already noted, a form factor of 1.037 was needed to account for the
AOA drag in the actual trajectory with the zero AOA predictions
using the APOS5 code.

Protuberance Aerodynamic Inputs Example

The only protuberance option in the AP02 is for a rotating band on
a spin-stabilized projectile. No option exists for any other weapon.
Many weapons have external protuberances that cause a small, yet
significant change in the aerodynamics. Some of these protuber-
ances include wiring tunnels, waveguides, rollerons, mounting lugs,
slots, etc. It is very difficult to automate an aerodynamic computa-

tion process for protuberances because the aerodynamics can be
a function of AOA, Mach number, and location on the body as a
function of roll orientation. The present approach of handling ex-
ternal configuration perturbations on configuration aerodynamics is
to compute the perturbation aerodynamics by hand, compute the
smooth configuration aerodynamics with the AP02, and then man-
ually add the AC,, ACy, and AC), to the APO2 numbers off-line.

The APOS will reduce the labor involved in the preceding process
by giving the user a protuberance input option that allows variations
in M, and @ (roll positions of 0 and 45 deg only). The AOA variation
in ACy and ACy will be partially accommodated by including
ACy, and AC,,,. Hence, one could take the variation at low AOA
in ACy and ACy or some variation at larger AOA. AC, is not
allowed to vary with AOA. The user will still have to determine the
protuberance aerodynamics either manually or from experimental
data, but the addition of these aerodynamics to the APO5 can be done
as part of the inputs for a given case. The advantage of this approach
is that the APOS5 outputs (tables, plots, and component listing) will
now include all of the totals. The protuberance inputs will always
be added to the body terms.

The example shown in Fig. 6a is a wind tunnel model of a version
of the Seasparrow missile. This missile configuration was tested”!
at M, =2.3 and 4.6 for AOA 45-90 deg and roll angles of 0 and
45 deg. Note in Fig. 6a the wiring tunnels located at roll position
of 135 and 315 deg when the fins are at roll position of 0 deg (fins
in plus fin arrangement) and the waveguide located at roll position
of 225 deg. Figure 6b shows the geometry details of the waveguide
and wiring tunnels.

Reference 22 also has wind tunnel data for a smooth model of
nearly the same configuration. The only difference is that the Ref. 22
model had a small boattail, whereas the Ref. 21 model (Fig. 6a) had
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Table 8 Perturbations in static aerodynamics from external protuberances on Seasparrowlike missile (® =0 deg)

Experimental estimates

Analytical estimates

Smoothed values

o, deg ACy ACy ACy ACy ACy ACy ACy ACy ACy
My = 4.6
0 N/A 0 0 0.013 0 0 0.013 0 0
5 N/A 0 —-1.2 0.013 0.01 —0.01 0.013 0.01 —-0.01
10 N/A 0 -0.9 0.013 0.03 —0.02 0.013 0.03 —0.1
15 N/A 0 -0.3 0.013 0.07 —0.04 0.013 0.07 -0.2
20 N/A 0.3 —1.5 0.013 0.11 —0.07 0.013 0.2 -0.5
25 N/A 0.4 —-1.3 0.013 0.16 —0.10 0.013 0.4 -0.7
30 N/A 0.9 —-1.3 0.013 0.22 —0.14 0.013 0.6 -1.0
35 N/A 1.0 —-1.0 0.013 0.29 —0.18 0.013 0.9 —-1.3
40 N/A 1.2 -3.7 0.013 0.35 —0.22 0.013 1.2 —1.8
My = 2.3

0 N/A 0 0 0.019 0 0 0.019 0 0
5 N/A 0.4 —-1.0 0.019 0.01 —0.01 0.019 0.1 -0.5
10 N/A 0.4 —1.5 0.019 0.03 —0.02 0.019 0.2 -1.0
15 N/A 0.4 -29 0.019 0.07 —0.04 0.019 0.3 —-1.5
20 N/A 0.4 -3.0 0.019 0.11 —0.07 0.019 0.4 -2.0
25 N/A 0.8 —-2.5 0.019 0.16 —0.10 0.019 0.6 —24
30 N/A 0.9 —-2.8 0.019 0.22 —0.14 0.019 0.8 —-2.8
35 N/A 1.3 —-34 0.019 0.29 —0.18 0.019 1.0 -32
40 N/A 1.2 -3.6 0.019 0.35 —0.22 0.019 1.2 -3.6
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no boattail. In executing the APO5 at M, =2.3 and 4.6, it was
found the boattail had a very small impact on Cy (<[0.1|) and
Cy (<10.12]) . Unfortunately, the Ref. 21 data only listed Cy and
Cy and so no AC, data can be determined from subtracting the
Ref. 21 data from the Ref. 22 data. However, ACy, and ACy,
can be determined by subtracting the two data sets. Unfortunately,
Refs. 21 and 22 data reports only had graphs, not exact numbers from
wind-tunnel tests. This means that additional errors are generated

as aresult of estimating aerodynamics from small figures using two
different wind-tunnel tests and two slightly different models.

A second approach to calculate ACy,, AC)y,, and AC, is an-
alytically by hand. The hand calculation approach can be used to
supplement wind-tunnel data or to replace wind-tunnel data. Also
in the case of the Refs. 21 and 22 data, analytical estimates can
help smooth out errors encountered by estimating the perturbation
quantities from small charts of wind-tunnel data.

To estimate AC, analytically, the shape of the nose contour of
the waveguide and wiring tunnels (Fig. 6b) were considered in con-
junction with Ref. 23 to estimate the pressure coefficients and then
wave drag. No additional axial force calculations were considered
for skin friction and base drag. We have also found Ref. 14 quite
useful in helping define AC, for various odd-shaped protuberances.
To estimate ACy, and ACy,,, the waveguide (WG) and wiring tun-
nels (WTs) were considered to be low aspect ratio wings so that the
linear term of normal force and pitching moment was estimated by
SBT and the nonlinear term by viscous crossflow theory, that is, for
® =0,

(ACK)wa = (T Rwoa /2 + 1Cy, sin® o) (Ap/ Arr) cos” 45
(11a)

(ACy)wr = (T Rwra /2 + n Cy, sin’ ) (2Ap / Awy) cos” 45
(11b)

ACy, can be found by taking the derivative with respect to AOA
of Egs. (11a) and (11b) and then adding the two together. Note that
AOA appears in both terms of Egs. (11a) and (11b). Thus,

ACy, = (7 MRwa/2 +20Cy, sine)[(Ap)wa/2Arwi]

+ [ (R)wr/2 + 21Cy, sina | [(Ap)wr/2Awi] (11c)

To compute pitching moment, it was assumed the center of pres-
sure of both the WG and the WTs were at their midchord points. If
we wanted to calculate AC,, ACy,, and ACy,, at roll of 45 deg,
the cos? 45 deg in Eqgs. (22) becomes cos?0 = 1 because both the
WG and WTs are at roll position of 0 deg. AC, would remain the
same for both roll of 0 and 45 deg.

Tables 8 and 9 give the AC4, ACy, and AC,, values approxi-
mated from experimental data, analytical calculations, and the final
smoothed values that were used for ACy, inputs into the APO5
code. Several points are worthy of note in Tables 8 and 9. First, the
experimental values of ACy and AC), are not smooth, showing the
difficulty of picking off points from charts accurately.
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Table 9 Perturbations in static aerodynamics from external protuberances on Seasparrowlike missile (® =45 deg)

Experimental estimates

Analytical estimates

Smoothed values

o, deg ACA ACN ACM ACA ACN ACM ACA ACN ACM
My =4.6

0 N/A 0 0 0.013 0 0 0.013 0 0

5 N/A 0.55 —-0.3 0.013 0.02 —0.02 0.013 0.02 —0.03
10 N/A —0.12 —0.05 0.013 0.06 —0.04 0.013 0.06 —0.05
15 N/A —0.5 —-0.2 0.013 0.14 —0.08 0.013 0.14 —0.10
20 N/A 0.2 —0.3 0.013 0.22 —0.14 0.013 0.20 —0.15
25 N/A 0.7 —0.1 0.013 0.32 —0.20 0.013 0.50 —-0.2
30 N/A 1.7 —-0.3 0.013 0.44 —0.28 0.013 0.80 —-0.3
35 N/A 1.2 —1.25 0.013 0.58 —0.36 0.013 1.10 —-13
40 N/A 1.3 —-2.8 0.013 0.70 —0.44 0.013 1.30 —2.0

My= 23

0 N/A 0 0 0.019 0 0 0.019 0 0

5 N/A 0.1 0 0.019 0.02 —0.02 0.019 0.05 —0.02
10 N/A 0.1 +0.9 0.019 0.06 —0.04 0.019 0.10 -0.2
15 N/A 0.7 0 0.019 0.14 —0.08 0.019 0.3 —-0.3
20 N/A 0.8 —-0.9 0.019 0.22 —0.14 0.019 0.5 —0.5
25 N/A 14 —-1.2 0.019 0.32 —0.20 0.019 0.8 —-0.7
30 N/A 1.4 —-0.25 0.019 0.44 —0.28 0.019 1.0 —1.0
35 N/A 2.0 -3.1 0.019 0.58 —0.36 0.019 1.3 —1.8
40 N/A 23 —34 0.019 0.70 —0.44 0.019 L5 —2.6

Second, the experimental values of ACy and AC), tend to be
higher than the analytical values in many cases. Third, the ACy and
ACy values at ® =45 deg are not twice those at roll & =0 deg,
as was expected based on rough analytical calculations. Therefore,
there are some interaction effects within the supersonic flowfield
not accounted for by the simple analytical approximation. Never-
theless, it is believed the smoothed values of ACy and ACy, are
better estimates of the true value of ACy and ACy, than either the
analytical or experimental estimates by themselves.

Because the APO5 perturbation inputs only allows AC4, ACy,,
and ACy, as a function of Mach number and roll angle, values of
ACy, and ACy, will be computed for an AOA of 30 deg using
Tables 8 and 9. This means the ACy and AC), will be slightly high
for lower AOA and slightly low for higher AOA. If the user desired
to model only small AOA, lower values of AOA would be used.

Figures 7a and 7b shows a comparison of the APOS predictions
(with the Table 8 values for ACy, and AC), automatically in-
cluded) for Cy and Cj; at My, =2.3 and 4.6 to experimental data
for the configuration of Fig. 6 at roll position of & =0 deg.

Figures 7c and 7d give the complementary & =45 deg compar-
isons of experiment and APO5 predictions for the Fig. 6 configu-
ration. As seen in the Figs. 7a—7d, the APOS predictions compared
to experiment are mostly quite good. Also, note that the ACy, and
AC)y, additions derived from Tables 8 and 9 improves the APOS5 pre-
dictions to experiment for most conditions. An exception to the good
accuracy of the APOS5 is for the pitching moment at M, = 4.6 and for
a = 35 deg, where the experiment shows a marked decrease in static
stability compared to predictions. However, even for the worst-case
condition Cy, comparisons, which is M, =4.6, « =40 deg, and
@ =0 deg, the APOS gives a center of pressure error of only 3.4%
of the body length. The single point error of 3.4% is below the
quoted average accuracy error of less than 4% of the body length
for the APOS. Averages should contain several data points over an
AOA and Mach number range. Also, the average error on Cy of 5%
is well below the quoted average error of less than 10%. The worst-
error comparisons on Cy are at lower AOA for M,, =4.6 and & =
45 deg.

User-Defined Boundary-Layer Transition Example

The discussion of the four boundary-layer transition options for
the APO2 along with the fifth user-defined option that will be a part
of the APO5 was given earlier as part of the APO5 new capability.
The example chosen to illustrate the utility of this fifth option is the

ARF database for noncircular cross section configurations shown
in Fig. 3a with data given in Ref. 20. This set of configurations is
chosen for two reasons. First, a ballistic range model typically would
be expected to have a boundary-layer transition Reynolds number
somewhere between the alternatives of typical flight configuration
(which has a transition Reynolds number on the body of 1 x 10°
and on the wings of 0.5 x 10°) and the wind tunnel model with no
boundary-layer trip option (which has transition Reynolds numbers
on the body and wings of 4 x 10° and 2 x 10, respectively). Many
ballistic range models, while free flight, are typically machined to be
very smooth, similar to wind-tunnel models. Thus, their transition
Reynolds numbers can lie between two options available in the
APO2.

Second, the fin leading edges of the models in Fig. 3a are 100%
truncated. The truncated leading edge implies a turbulent bound-
ary layer over the entire fin. Thus, we will assume boundary-layer
transition values as follows: body 4 x 10° and wings 2.5 x 10°.

APOS calculations of axial force will be compared to ballistic
range data and the APO2 options available of typical flight and
wind-tunnel model with no boundary-layer trip. The configuration
of Fig. 3a selected is the four-fin circular case. Figure 8 shows the
results of the three boundary-layer calculations, and whereas all
three boundary layer options do a pretty good job of predicting the
aerodynamics, the user-defined alternative gives slightly better re-
sults than the other two alternatives of Fig. 8. One could choose any
number of boundary-layer transition options to try to optimize the
results of Fig. 8 if desired.

Truncated Nose Aerodynamics

A single example will be chosen to illustrate the improved accu-
racy of the APO5 compared to the APO2 for truncated nose config-
urations for M., < 1.2. The case and experimental data are taken
primarily from Ref. 24, with some supersonic data for the 100%
truncated nose from Ref. 14.

The configuration considered for the truncated nose aerodynam-
ics is a flat-faced cylinder with tails. Figure 9a shows the configu-
ration and Figs. 9b—9e present comparisons of C4 and Cy from the
APO2 and APOS5 to data at Mach numbers of 0.6, 1.0, 1.2, and 1.5,
respectively. Figures 9b—9e show the improved axial-force predic-
tion capability of the APO5 over the APO2 for configurations that
have large truncated nose tips. Normal-force prediction accuracy of
the APO2 and APOS are both about the same, and both give fair to
good predictions for all Mach numbers.
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30~ 0] Exp21

APO5

b) Mo, =4.6, =0 deg

) M =23, =45 deg

d) Mo =4.6, P =45 deg

Fig. 7 Comparison of AP05 predictions to experiment for configura-
tion of Fig. 6a.
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Fig. 8 Comparison of 3 boundary layer transition options in AP05 to
ARF range data for 4-fin circular body case.

To summarize the APO5 predictions of aerodynamics on large
truncated nose tip configurations, it can be said that significant im-
provements in accuracy of axial-force coefficients is seen for Mach
numbers below 1.2. Normal-force predictions of the AP02 and APO5
are similar and give fair to good agreement with experiment, except
for large truncated nose tips in the low supersonic Mach range. At
low supersonic Mach numbers of about 1.2, the hybrid theory of
Van Dyke tends to underpredict the body-alone normal force com-
pared to experiment, and this underprediction is made worse for
large truncated nose tips.

Trim Aerodynamics

One example will be chosen to illustrate the new trim aerodynam-
ics capability that will be available in the APOS. The configuration
chosen is a wing-control, wing—body—tail configuration shown in
Fig. 10 and the wind-tunnel model details and aerodynamics are
given in Ref. 22.

The 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 of 1.5-4.63 for AOA to 40 deg and control deflections of 0
and 10 deg (at M of 1.5 and 2.0) and 0-20 deg (at M of 2.35-4.63).
The data were taken at a Reynolds number of 2.5 x 10%/ft, and
boundary layer trips were also used. The model had a hollow base,
and base axial force measurements were given separately in Ref. 22.
These results were added to the forebody axial-force measurements
to compare with the APOS predictions to provide some confidence
that trim aerodynamics are reasonable.

Figure 11a shows 8yim VS 0¢yim for Mach numbers of 1.5, 2.87, and
4.6 and at M = 0 deg. An upper limit of 20 deg on control deflection
was used for trim computations. As seen in Fig. 11a, at M =4.6, an
AOA of just over 4 deg is the maximum trim possible for the center
of gravity location of Fig. 10. For M = 2.87, trim AOA approaching
9 deg are achievable, and for M = 1.5, even higher trim AOA are
possible.

Figures 11b and 11c show the trim values of axial- and normal-
force coefficients as functions of trim AOA and for the Mach num-
bers of 1.5, 2.87, and 4.6 at ® =0 deg roll. If one were inter-
ested in available maneuver capability at a given trim AOA, the
values of Cpyqp,, in Fig. 1lc could be used in conjunction with
the local dynamic pressure and weight of the vehicle to compute
maneuverability. The important point is that Figs. 11 were gener-
ated in a matter of minutes vs hours or days with the AP02.
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Increase in Altitude Limits Example Case

One example will be given to illustrate the new altitude limit
increase from 2.5 x 10° ft to 1 x 10° ft. The example chosen is a
concept similar to one being considered for an electromagnetic gun
and is shown in Fig. 12a. The Fig. 12a configuration is very low drag
and has a very high initial velocity. Figures. 12b and 12c show two
of the plots available in APO5 including missile altitude vs missile
horizontal position and missile altitude vs time of flight. The Fig. 12a
configuration attains an altitude in excess of 600,000 ft, well above
the limit of 250,000 ft in AP02.

Summary

A new version of the APC, AP0S5, has been developed. APO5
includes several new elements and improvements in accuracy com-
pared to APO2. The new capabilities include three-fin aerodynam-
ics, blunt trailing-edge fin effects on normal-force coefficient, in-
crease in trajectory altitude capability, protuberance aerodynamic
input options, user-defined boundary-layer transition option, and
trim aerodynamics. Additional improvements in two-dimensional
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base pressure coefficients, truncated fin leading-edge axial force,
large truncated nose axial force, and small caliber weapons were
obtained by developing new technology or refining existing tech-
nology in the AP02 code.

To validate APOS5, approximately 50 different configurations were
considered, which covered the overall flight regime, configuration
geometry, and application requirements of AP0S. It was found that
APOS5 gave improved accuracy over APO2 when compared to exper-
imental data where new methods were incorporated in AP02 to form
APOS. It was also found AP02 and APO5 continued to give similar
accuracy on static and dynamic aerodynamics, for configurations
that were not affected by the new elements of APOS. The many new
features incorporated into APO5 made it much more robust than
APO2. As such, it is believed APOS5 is the most accurate and robust
of the aerodynamic prediction codes produced to date.
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