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Aeroprediction Code for Angles of Attack Above 30 Degrees

E. G. Moore,* R. M. McInville,’ and T. Hymer?
U.S. Naval Surface Warfare Center, Dahlgren, Virginia 22448-5100

The U.S. Naval Surface Warfare Center Dahlgren Division aeroprediction code has been extended to angles of
attack greater than 30 deg. To accomplish this, several databases were used to approximate the nonlinearities in
individual missile component aerodynamics. Theoretical aerodynamic methods were used at small angles of attack.
The new semiempirical model was then applied to several configurations and the empirical constants fine tuned so
as to minimize some of the errors associated with wind-tunnel measurements of component acrodynamics at high
angles of attack. New and improved technology developed includes 1) extension of the wing-body and body-wing
interference factor methodology above angle of attack of 30 deg for both zero and nonzero control deflections
and 2) refinements in body-alone normal force and center-of-pressure prediction to account for Reynolds number,
and transonic and asymmetrically shed body vortices. All methodology is developed for the ® = 0-deg (or fins in
plus) roll orientation. Comparison of the new methodology to several cases outside the databases on which the
methodology was developed appears to indicate the average accuracy goals of -10% on normal force and 4%
of body length on center of pressure were maintained for the higher angles of attack.

Nomenclature

Ap = planform area of the body or wing in the
crossflow plane, ft?

At = reference area (maximum cross-sectional
area of body, if a body is present, or
planform area of wing, if wing alone), ft*

Aw, Sw = planform area of wing in crossflow plane, ft?

Avetted = area of body or wing that flow touches

ag, a1, ay,as,a, = constants used in nonlinear wing-alone
model

b = wing span (not including body), ft

(o = axial force coefficient

Cap,Cap,Ca,, = base, skin-friction, and wave components,
respectively, of axial force coefficient

Cp, = crossflow drag coefficient

Cr,, Cry = laminar and turbulent skin friction
coefficients, respectively

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

Cn = normal force coefficient )

Cwy = normal force coefficient of body alone

Cn, = linear component of normal force coefficient

Cuy, = nonlinear component of normal force
coefficient

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

Chry = normal force coefficient of wing alone

Cn, = pormal force coefficient derivative

d = body diameter, ft

dKwgy/de, = rate at which Ky, or K, decreases

dK B(W) / do

F,Cy, C,, Cs = dimensionless empirical factors used in
nonlinear models of kwz) and Cy,,, to
approximate effects resulting from high
angle of attack or control deflection

fw, fr = lateral location of wing or tail vortex
(measured in feet from body centerline)

i = tail interference factor
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= ratio of additional body normal force
coefficient in presence of wing, or tail to
wing, or tail alone normal force coefficient at
8 = 0deg

= ratio of normal force coefficient of wing or
tail in presence of body to that of wing or tail
alone at § = 0 deg

= ratio of additional body normal force
coefficient resulting from presence of wing
or tail at a control deflection to that of wing
or tail alone at @ = 0 deg

= ratio of wing or tail normal force coefficient
in presence of body resulting from a control
deflection to that of wing or tail alone at
o = 0deg

= minimum value of K g, as percent of
slender-body or linear theory value

£ = body length, ft

M = Mach number

Mc = normal Mach number to body axis, M sin«

= critical Reynolds number where flow
transitions from separating on the forward
part of a circular cylinder to the rear part

= Reynolds number based on point where
boundary-layer transition occurs

= radius of body, ft i

= wing or tail semispan plus the body radius in
wing-body lift methodology

= center of pressure, feet or calibers, from
some reference point that can be specified

(Xcp)L, = center of pressure of linear and nonlinear

Xce)nL terms of normal force

o = angle of attack, deg

Kpwy, Kpa)

Kwy, K1)

keowy, ke
kwy, krz)

[KB(W)]min

Recrit

Rex

Xcr

ac = angle of attack where wing—body
interference factor starts decreasing from its
slender-body theory value, deg

op = angle of attack where the wing-body
interference factor reaches a minimum, deg

om = angle of attack where Ky g, reaches its
limiting value

oy, o7 = local angle of attack of wing or tail, o + 8,
or « + Jr, respectively, deg

oy, o = angles of attack used in nonlinear model for

Kpw)

= amount that the experimental values of
Kw) and Kga, exceed slender body theory
at o = Odeg

[AKw®)le=0,
[AKpiw)le=0
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3 = control deflection, deg ‘

Sw, 61 = deflection of wing or tail surfaces, positive
leading edge up, deg

n = parameter used in viscous crossflow theory

for nonlinear body normal force (in this
context, it is the normal force of a circular
cylinder of given length-to-diameter ratio to
that of a cylinder of infinite length)

A = taper ratio of a lifting surface, ¢, /c,

P = circumferential position around body where
& = 0 is leeward plane, (deg) and fins are in
plus (+) fin orientation

oo = freestream conditions

Introduction

STIMATING missile aerothermodynamics over the flight

regime where missiles fly is quite important in all phases of
design. These aerodynamics are used by the flight dynamicist to es-
timate range performance and miss distance, the heating information
is used to perform heat-transfer analysis, and the aerodynamic and
thermodynamic loads are used by the structural engineer to estimate
structural integrity of the configuration. Missiles that are launched
from a vertical launcher can experience angles of attack (AOA) ap-
proaching 90 deg if a strong crosswind is present. Missiles that are
launched from aircraft undergoing maneuvers can also experience
AOA approaching 60 deg. Finally, terminally guided missiles un-
dergoing maneuvers in the endgame can anticipate AOA as high as
40 deg. Hence, it is necessary to have aerodynamics estimates above
30-deg AOA to cover the flight regime for all possible conditions.

The recent version of the Naval Surface Warfare Center, Dahlgren
Division, Aeroprediction Code (APC) released to the publicin 1993

“and referred to as AP93! was limited to AOA of about 30 deg
because the wing-alone, wing—body, and body-wing interference
aerodynamics were developed only to about 30-deg AOA. In some
cases, the accuracy degraded at an AOA of 25 deg. The wing-alone
methodology was recently extended by Moore and Mclnville? to

- AOA of 180 deg by developing a new fourth-order method vs a
second-order technique used in the AP93. The fourth-order method
gives improved accuracy over the second-order technique in the
AOA range 0-30 deg, in addition to extending the AOA range to
180 deg (Ref. 2).

This paper develops the complementary extension of the body-
alone and interference factor methodology above AOA of 30 deg.
This new technology, along with that in the Moore and Mclnville
study,? will allow the AP93 code to be extended in AOA capability
so the operational AOA boundary for missile flight can be covered.
This new version of the code will be called AP95.

Although the extension to higher AOA represents a significant
step forward in modeling nonlinearities in an engineering version
of an aeroprediction code, there are still several nonlinearities not
modeled or modeled only approximately in AP95. These include
roll-dependent or cross-coupling aerodynamics effects; asymmetric
body-shed vortices, which occur for Mach numbers less than 2 and
AOA between about 20 and 60 deg; and internal shock interactions
from the nose to the tail or wing, or from the wing to the tail. The
latter effects typically occur above AOA of about 30 deg and at su-
personic or hypersonic Mach numbers. These phenomena will be
discussed more fully in the analysis section. This paper will only
summarize the new methods and present a few results. For details,
the reader is referred to Ref. 3.

Analysis

Discussion of Nonlinear Missile Aerodynamics

The physical phenomena involved in missile aerodynamics
should be examined before proceeding with the development of
nonlinear methods for high AOA. Figure 1 attempts to describe mis-
sile aerodynamics in a generic way as a function of the AOA and
Mach number regions desired from an operational standpoint. At
low AOA, the aerodynamics are mostly linear (except for transonic
flow), and linearized and slender-body aerodynamic methods prove
very effective in providing acceptable  accuracy for approximate
aerodynamic prediction codes.* As AOA increases above 10 deg,

the nonlinearities associated with AOA become increasingly impor-
tant at all Mach numbers, and the nonlinear compressibility effects
become important above My, ~ 0.6. Linearized codes can still be
used in the range 10 deg < o < 20 deg, but with degraded accu-
racy. As AOA increases above 20 deg, the flow becomes strongly
nonlinear but still reasonably well behaved in terms of static acrody-
namics as a function of AOA. Atthese AOA, nonlinear aerodynamic
methods are required for reasonable accuracy. For approximate aero-
dynamic codes, these nonlinear methods are typically empirical or
semiempirical.!56

Above AOA of about 25 deg and below M., of about 2, another
nonlinear phenomenon occurs on many configurations because of
the asymmetric shedding of body vortices. This phenomenon is
the strongest in the subsonic Mach number range and starts to dis-
sipate at crossflow Mach numbers of about 0.5 (Ref. 7). Although
the phenomenon is reasonably well understood, it is predictable in
the general sense only in terms of upper bounds on side forces cre-
ated by the shedding. Forward-placed fins or control surfaces tend
to minimize the effect. -

Above AOA of about 30 deg and M, ~ 2.0, strong shock inter-
actions can cause very strong effects on the aerodynamics. These
effects exhibit themselves in the form of loss of static stability and
normal force. Typical shocks of interest are the bow shock intersect~
ing a control surface or a forward lifting surface shock intersecting
a tail surface. The latter problem appears to be more critical since
the moment arm to the tail is generally longer than to the wing or
canard. Aerodynamics in this region may not be well behaved in
terms of either monotonically increasing or decreasing.

The question arises as to whether the databases that will be used to
estimate the nonlinear aerodynamic phenomena will provide accept-
able results. For a body-alone configuration at low Mach numbers,
the normal force will vary somewhat because of the presence of the
side force, but basically can be estimated with reasonable accuracy
if boundary-layer transition in the crossflow plane is predicted accu-
rately. For Mach numbers approaching 2 and greater, past attempts
have shown the methods used in AP93 to be directly applicable
at higher AOA with few changes.' However, these methods were
based on empirical approximations to the nonlinearities occurring
to the wing, body, and wing-body interference based on a compo-
nent buildup database.®? This database had various size wings with
a single body. Hence, no wing—tail shock interactions or wing-tail
interference could be estimated directly.

In summary, it is anticipated that all of the nonlinearities in missile
aerodynamics except the internal shock interaction of the wing and
tail and wing~tail interference can be approximately accounted for
using the available databases. The body side force at low Mach
number will not be approximated since only in-plane aerodynamics
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Fig. 1 Classification of missile aerodynamics.
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(® = 0) are being considered. The high-AOA canard or wing-shed
vortex and control-deflection effects can be approximately modeled
with empirical experiments compared to other databases.! Note at
the outset, however, that by extending the flow computations into
the highly nonlinear, may-not-be-well-behaved region of Fig. 1, the
accuracy available in the AP93 for the o < 30-deg cases may be
somewhat degraded. On average, these accuracy levels were £10%
on axial force coefficient and normal force coefficient and +4%
length for center of pressure. There were cases where these accuracy
bounds were exceeded at a given « and M. However, when all o
and M cases were averaged for a given configuration, these accuracy
bounds were found to hold for the cases considered to date. Although
the stated average accuracy goal will be difficult to maintain for AOA
> 30 deg, it will still be the goal of this effort.

Approach to Develop Nonlinear Aeroprediction Code

The overall analysis approach to the development of a nonlinear
high-AOA APC is as follows: 1) Use linear theory/slender-body
theory (SBT)/second-order methods primarily for low AOA (a <
10 deg). 2) Use missile component databases to develop empirical

estimates of component aerodynamics at high AOA. 3) Develop.

mathematical models for these empirical, high-AOA methods when
feasible. 4) Apply the methods to overall missile configurations
outside the database and adjust the parameters in the mathematical
model to try to minimize errors in the databases.

Since the small AOA aerodynamic methods for computing axial
force work well and are well documented,* the emphasis in this
paper will be on the new nonlinear methods for computing high-
AOA normal force and center of pressure. The total normal force
equation*” for a wing—body—tail configuration at a given AOA, con-
trol deflection, and Mach number is

Cy=Cn; + [(KW(B)‘+ KB(W))a + (kW(B) + kB(W))‘SW] (CN,,()W

+ [(KT(B) =+ KB(T))a + (kT(B) =+ kB(T))ST](CNu)T + CNT(V)
. H

The first term in Eq. (1) is the normal force of the body alone in-
cluding the linear and nonlinear components; the second term is the
contribution of the wing (or canard) including interference effects
and control deflection; the third term is the contribution of the tail
including interference effects and control deflection; the last term is
the negative downwash effect on the tail resulting from wing-shed
or body-shed vortices. K represents the interference of the config-
uration with respect to AOA, and k represents the interference with
respect to control deflection. Subscripts W(B) and T (B) represent
the change (or interference effect) of the wing and tail in the pres-
ence of the body, whereas subscripts B(W) and B(T') indicate the
additional lift (or interference effect) on the body because of the
presence of wings or tails.

When Eq. (1) was originally defined, it was associated with the
linear aerodynamics onty.' However, the approach of the present
work is to define nonlinearities of each of the terms in Eq. (1) us-
ing empirical or semiempirical methods. These nonlinear terms are
then added to their linear counterparts, which are predicted analyt-
ically. Each of the terms in Eq. (1) will be discussed in terms of
improvements made.

Body-Alone Improvements

The primary focus in the body-alone work has been an attempt
to improve the modeling of the nonlinear normal force at crossflow
Mach numbers below 0.6, to include compressibility effects in the
laminar skin-friction drag computation, and to improve upon the
center of pressure caused by the nonlinear aerodynamics. Each of
these improvements will be briefly discussed. For details, the reader
is once again referred to Ref. 3.

The nonlinear contribution to the normal force is generally ex-
pressed as

Chyy = NCpcAp/ At sin® a ©)

As explained in detail,”!! Cp, varies in a complex fashion for
Mc < 0.5. Below a certain critical Reynolds number (Re.y,), the

body boundary layer is laminar, and the flow separates at about the
90-100 deg circumferential location (where & = 0 deg is the lee-
ward plane), producing a large wake region and a relatively constant
value of Cp,.. At Re., the separated boundary layer transitions to
turbulent and reattaches, remaining attached until approximately
the 40-deg circumferential location (140 deg from the windward
plane). The resulting smaller wake produces a sudden decrease in
the value of Cp,.. As the Reynolds number increases further, transi-
tion moves forward and the laminar separation bubble disappears,
leading to an eventual stabilization of Cp. as the turbulent separa-
tion becomes fixed at about the 80-deg location. At crossflow Mach
numbers greater than 0.5, localized supersonic regions develop as
the flow expands around the body. The shocks that are produced by
these supersonic pockets are strong enough to separate the bound-
ary layer regardless of its laminar or turbulent state, and the drag
bucket disappears, leaving Cp,. virtually independent of the state of
the boundary layer. '

As pointed out in Ref. 7, the observed value of Regy can vary
drastically from test to test and from one wind tunnel to another
because of a number of factors including tunnel turbulence, wall
and model roughness, and model vibration. In fact, over an order-
of-magnitude difference has been found using the same model in
different wind tunnels. '

The Cp, model that has been incorporated into AP95 was de-
veloped primarily using the data from Refs. 8 and 11. The Ref. 8
body-alone data were obtained using a model with a 3.0-caliber
tangent ogive nose and an overall length of 12.33 calibers. Body di-
ameter was 3.0 in. The Ref. 11 data represent measurements on two
configurations. One has a 2.5-caliber ogive nose and a total length
of 9.5 calibers. The other has a 3.5-caliber ogive nose and a total
length of 10.5 calibers. The body diameter in both cases is 1.5 in.
Freestream Mach numbers ranged from 0.6 to 1.2, and AOA var-
ied from 5 deg up to 60 deg. Since only total Cyy values were given,
Cp, was extracted first by subtracting the linear component as deter-
mined by slender-body theory, for simplicity. Equation (2) was then
used to compute Cp,., with the value of n coming from Jorgenson.!!

Because of the variation of transition-linked phenomena with test
conditions, Re.,; can be adjusted in the AP95 input file. Its default’
value is the theoretical two-dimensional cylinder result of 330,000.
In addition, the location of the drag bucket can be shifted horizon-
tally by specifying a second input parameter.

The body-alone center of pressure is determined by summing the
separately determined linear and nonlinear contributions to the total
moment and then dividing by the combined normal force, i.e.,

_ Cyn,(Xcp)L + Cny, (Xcp)ar

X
cr CNL + CNNL

3

The second modification in the body-alone methodology of the
AP93 is in the center-of-pressure change with AOA. Two nonlin-
ear phenomena are present that Eq. (3) does not fully account for.
One phenomenon is the shift in center of pressure, which occurs
as a result of the asymmetric body vortices, which typically occur
above AOA = 25 deg and below M., = 2.0. This phenomenon ap-
pears to affect the normal force only slightly but shifts the center of
pressure forward. The second phenomenon occurs.in the transonic
flow range where a shock forms on the body as the flow approaches
sonic conditions. The center-of-pressure shift tends to be forward
from this phenomenon as well.

To estimate the center-of-pressure shifts, two different data-
bases®!? were used and were nondimensionalized with respect to
body length. In implementing these results into complete missile
configurations, the shifts in the transonic region were found to be
slightly too large and were somewhat reduced. Also, an upper bound
on maximum allowable shift was used based on a 15-caliber body
length. In other words, if a 20-caliber body were being considered,
the maximum allowable shift in the center of pressure is based on
a 15-caliber body. The final tabulation of shifts in the body-alone
center of pressure as a function of AOA and Mach number is given
in Table 1 of Ref. 3.

The other modification in the body-alone solution has to do
with adding compressibility effects into the laminar skin-friction
drag calculation. The laminar portion of the flow is based on
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incompressible flow over a fiat plate. The mean skin-friction co-
efficient is given by

Cr, = 1.328/Re @

A more accurate approach is to take into account compressibility
for higher Mach number, higher altitude flight where a large portion
of the boundary layer is laminar. Assuming a Prandtl number of
1.0, ratio of specific heats of 1.4, and exponent in the Sutherland
viscosity law of 0.8, an improved formula can be derived based
on Fig. 15.7 from Ref. 13. The mean skin-friction coefficient for
laminar compressible boundary layers then becomes

Cr, = (1/Rex,)[1.328 — 0.0236M,, — 0.00335MZ,

+0.000349M2, — 8.54 x 10-M%,] 6

The skin-friction drag is simply the mean skin-friction coefficient
multiplied by the ratio of wetted area to reference area, i.c.,

(Awetted)l (Awened)T

Cu,=C
ar Fe Aref Aref

©®

+ CFT

Equation (5) will reduce the laminar-skin friction drag over the
incompressible case. The higher the Mach number is, the greater
the reduction.

Wing-Alone Improvements

A brief summary of the new wing-alone methodology? will
be presented here for completeness. In essence, several alter-
native fourth-order methods for computing wing-alone lift were
investigated.? The AP93! methodology used asecond-order method.
Above AOA of 25-30 deg, however, this second-order technique
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Fig. 2b Wing-body and body-wing interference factors.

began to degrade in accuracy, and higher order methods were re-
quired. The new higher-order method is defined by

Cry = ao + a10w + aray, + asyy + asary, O

where aw = |a + 8|.

The constants a; in Eq. (7) were defined based on five independent
conditions and using data from Refs. 5, 9, and 12. The method
allowed wing-alone aerodynamics to be calculated to AOA 180 deg.
Since it has been well documented®? and presented externally as
well, no further discussion of the wing-alone methodology used in
the AP9S5 will be given.

Interference and Downwash Force and Center of Pressure

Referring to Eq. (1) and the discussion that follows, there are sev-
eral interference factor terms that need to be defined. The approach
used in the AP95 is similar to that used in the AP93 except more
empirical constants are used as a result of the requirements for AOA
greater than 30 deg. The databases used in the semiempirical model
are those of Refs. 8, 9, 12, and 14. Examples of the interference
factors for zero control deflection as a function of AOA are given in
Figs. 2a and 2b. Figures 2a and 2b were derived from Refs. 14 and 8
data, respectively, with the wing-alone data determined from Refs.
5,9, and 12. Reference 3 gives additional plots of data for Mach
numbers 0.6, 0.8, 1.2, 1.5, 2.0, 2.5, 3.5, and 4.5 and for various

. aspect ratios and taper ratios. Note that Fig. 2b gives data only to

AOA = 40 deg, whereas Fig. 2a has data to AOA = 80 deg.

In general, it was found that the interference factors Kw g, and
KB(W) (or KT(B) and KB(T)) could be placed in a general format
shown in Figs. 3a and 3b. The empirical constants shown in the
figures are defined in several tables in Ref. 3 as a function of Mach
number and fin aspect and taper ratios. Note that the mathematical
model for both Kwgy and K gw) shown in Figs. 3a and 3b is defined
by slender-body or linear theory plus deviations as AOA, Mach
number, taper ratio, or aspect ratio changes.

In examining the nonlinear models for Kwg) and Kpw, it is in-
structive to try to correlate the mathematical models with the physics
of the flow. The wing-body interference factor is somewhat easier
to understand than the body—wing interference. The wing-body ex-
perimental data show that at low Mach number, slender-body theory
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MACH NONLINEAR MODEL
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Fig. 4 Nonlinear wing-body interference model for control deflection.

ﬁgﬂ»y}( 1 7d
TANGENT OGIVE >| 05d
A
‘ 4 \JTA
< ‘>0.7d( Esed v
< fod >

Fig. 5a Wing-body-tail configuration used for comparing AP95 to
experiment!! and AP93: (AR)7 = 3.64, A7 = 0.29,d = 2.6 in., AR)w =
2.81, and Ay = 0.28,

404 AP93

50 ExP (Ref 11) I!
1
i
3

.~

AP35

MACH = 0.6

10 20 30 40 50 60
ANGLE OF ATTACK (deg)

! ! |
-:.'..-.‘..‘.H.'::!‘.‘.L...l....l_ g

XCP/D (Calibers fom Nose)
w

Fig. 5b
at My, = 0.6.

10 20 30 40 5 60
ANGLE OF ATTACK (deg)

Normal force coefficient and center of pressure comparisons

-
{Exp(

Ref 11)

MACH =2.0

~

10 20 30 40 50 60
ANGLE OF ATTACK (deg)

@
i
i

(4]

FN

w

n

XCP/D (Calibers fom-Nose)

-

o

o

10 20 30 40 50 60
ANGLE OF ATTACK (deg)

Fig. 5¢c Normal force coefficient and center of pressure comparisons

at Mo = 2.0.



MOORE, MCINVILLE, AND HYMER 371

00 375 18.86 20.00 35.09

324
LA Ly
. —e— 4 {20
ARy = 1.38 N 1ss NG
ARy = 1.56 A A

Fig. 6a MMPT configuration tested at M = 0.2 (Ref. 15).

1.0 ’ !
os}. . i,.. . "*k"'r
Pl R N »
0.0 hCM § -
] \\\
0541 EXP (Ref 15) v
1041 paTCOM
.1.5_‘_ —_— : . ~L, <
AP95 §=0deg .
20 — !
0 10 20 30 40 50 60
ANGLE OF ATTACK (deg) i
. PANIR
30
25 '—--!—-‘--J
8=0deg s
20 s
[ b
15
=
Q T 5y ———- s
10 G = 2
)
5 P
o T
0 10 20 30 40 50 60
ANGLE OF ATTACK (deg)
3 =0 deg
[ ]
Pran T L
)/ * N L~

0 10 20 30 40 50 60

30

sreenserend

-10 4./ ;

20 {—-m 752300 Jrermeme]

0 10 20 60
ANGLE OF ATTACK (deg)

Fig. 6b Comparisons of experimental and predicted static aerody-
namic coefficients.

slightly underpredicts the experimental data. As AOA is increased,
Kw s starts decreasing and in some cases decreases below its wing-
alone value. As'AOA increases, Kz, approaches its wing-alone
value. As Mach number increases, the positive interference lift on
the wing, caused by the presence of the body, is lost faster and
faster as AOA increases. That is, the wing-alone solution is recov-
ered much faster at high Mach number, as AOA increases, than at
low Mach number. This rapid decrease of Kwg) to one at higher
Mach numbers is believed to be the result of the Newtonian impact
mechanism where, at high Mach number, the momentum of the air
particle is lost almost entirely upon direct impact on a surface, as
opposed to wrapping around the surface and carrying some of the
momentum with it, as at low Mach numbers.

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

In general, K g(w) actually increases with AOA at low Mach num-
bers to a certain point, where it starts decreasing analogous to Kyz).
However, a certain amount of lift or force enhancement is gained all
of the way to @ = 90 deg for low Mach numbers, as shown in Fig. 2a.
This phenomenon is assumed to occur all of the way to M = 6.0
based on extrapolated data from the point where experimental data
end.

Additional higher AOA data above o = 40 deg is needed for
both Kysy and K pawy to modify the assumed extrapolations of the
models for Ky g and K gw) at high AOA. Until additional data are
available, however, the approximate nonlinear models for K s, and
Kpawy can be used to estimate aerodynamics for engineering use.
This statement will be vahdated for a limited set of flight conditions
in a later section.

The center of pressure of the carryover interference force on the
wing is assumed to lie at the wing-alone center of pressure as defined
inRef. 1. The center of pressure of the interference force on the body
is assumed to occur at the same point as computed by linear theory
or slender-body theory (dependent on Mach number and aspect ratio
primarily), also as done in Ref. 1.

The other three terms of Eq. (1), as yet not discussed, are ky ),
kpw), and CNT(V)' The mathematical model used in AP95 is the
same as in AP93, except the empirical constants have been adjusted
because of the higher AOA and because r/s has been eliminated
from the nonlinear terms of Kw gy and Kgw,. This mode! for the
as yet undefined terms of Eq. (1) is

kw@ = C1(M)[kw) | p + Callawl, M) ®

ksony = [Kway — kwep) J g ®
CNT(V) =

(CNa)W(CNa)T[KW(B) sino -+ FkW(B) sin (Sw]i(ST - I"T)AW
2IIAR)T (fw — rw)Arer

, (10)
where F = C3(M, |aw]).

The updated constants C,, C,, and Cj; are all defined in Fig. 4.
Note that all of the nonlinearities for the interference factors resutt-
ing from control deflection have been included in the kg, term,
and kpw) is still defined by slender-body theory. This definition
is because the constants Cy, C,, and C; were determined through
numerical experimentation and there was no way to separate the
nonlinear effects between the two terms Also note that the Cyy,,
term is identical to linearized theory'? except for the factor F, which
is used here to account for the stronger nonlinearities associated
with control deflection. However, all of the terms in Eq. (10) are in
themselves nonlinear as opposed to the linear counterparts. '

Nonlinearities Not Modeled Completely
Several aerodynamic nonlinearities are either not modeled or only
partially modeled. These include asymmetrically shed body vortices
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(which can be important primarily for M < 2.0 and ¢ > 25 deg),
internal shock interactions, and cross coupling of the aerodynam-
ics resulting from roll. The asymmetric vortices are only modeled
partially in the sense that some account of the forward shift in body-
alone center of pressure is predicted based on a large database.
Internal shock interactions between a forward- and aft-mounted set
of fins are not modeled at all. Shock interactions between the bow
shock and the most forward-mounted set of fins are partially in-
cluded. Finally, no account of cross coupling of aerodynamics be-
tween pitch and roll is attempted as this is an extremely difficult
task for a semiempirical code. More detailed discussion of these
nonlinearities is given in Ref. 3.

Results and Discussion

Three example cases will be considered for validation of the
new technology. These example cases were outside the database
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Fig. 7a  Air-to-air missile configuration used in validation process.'%17

on which the AP95 methodology was developed. Several other ex-
amples are given in Ref. 3.

The first case is a wing—body—tail case!! (see Fig. 5a). This case
was also considered for AP93, but only up to 30-deg AOA, since
that was the limit of that technology. The normal force coefficient
and center-of-pressure comparisons of the AP95, AP93, and data!!
are shown in Figs. 5b and 5c.

In general, the AP95 gives quite acceptable results for an engi-
neering code for this configuration compared to data at both Mach
numbers considered. A slight discontinuity is apparent in the.slope
of the Cy curve at & = 35 deg and M, = 0.6. This slight disconti-
nuity is caused by the fact that at subsonic Mach numbers, the wing
basically stails around AOA of 25-40 deg. The wing-alone method
of the AP95 blends this discontinuous behavior out, and the fourth-
order method for the wing tends to show a discontinuous slope of
the Cy curve at low Mach number. If the configuration of Fig. 5a
were body dominated, this behavior would not be as obvious, but
since it is wing dominated, the wing behavior is more prevalent.

The second case is more missilelike compared to Fig. 5a. This
case is a wing—body-tail configuration (see Fig. 6a) tested at low
Mach number (M = 0.2) in the U.S. Naval Postgraduate School
wind tunnel in Monterey, California.'> Axial, normal, and pitching
moment coefficients are shown in Fig. 6b as a function of AOA and
tail control deflection. Results are given for the AP95 and data and
missile DATCOM? results from Ref. 15. These results for AP95
compared to data are very encouraging for all of the coefficients,
as it appears the nonlinearities are being modeled reasonably well.
The axial force is not as accurate as desired but the authors state!*

50 20
6 T 10
5 §=20deg y 40 o.
~--MACH =2.3 '
> g y ‘*"1
4 e % ve 10 k‘I\‘
i 4 - 3
< 2 EXP (Ref 17) 2 W 5-20 A
S 3 . &g / 3 o] \\
2 ?(-F: SRef 186) 10 w0 N
APg3 0 )
! AP95 -50
0 ———— — 10 fomaey -60 v T v )
v 0 10 20 30 40 50 0 10 30 40 50 4] 10 20 30 40 50
ANGLE OF ATTACK (deg) ANGLE OF ATTACK (deg) ANGLE OF ATTACK (deg)
Fig. 7b Static aerodynamic coefficient comparisons.
50 20
] - 10
[ | 40
5 {JEXP (REF17) }' 0
EXP (REF 16) 8 =0 dag 30 / -10 &
47T MACH =4:6™" . Nal™
< wana > 20 ,/l =-20 \
& 3 71]APos 1§ ° 20
: ADOE 10 ) o
2 1{aPos 40
. 0 | it
1 L] <50 . -
0 i 104y ——r—t— 60+ ' \i\
0O 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 4 50 60 70 80
ANGLE OF ATTACK (deg) ANGLE OF ATTACK (deg) ANGLE OF ATTACK (deg)
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the sting was designed for normal vs axial force; the discrepancies
are reasonable on that basis. The pitching moment comparisons for
control deflection of 430 deg shown in Fig. 6b are quite gratifying
because these curves utilize all of the new technology developed at
this low Mach number.

The final validation case considered is a version of the Seaspar-
row missile that has an extensive supersonic wind-tunnel database
including AOA to 70 deg at some Mach numbers, and with control
deflections to +-20 deg. The first database includes AOA to 70 deg at
Mach numbers of 2.3 and 4.6 only.'® This configuration was tested
with wiring tunnels on the exterior of the missile, which contributed
somewhat to the aerodynamics. The other database is more exten-
sive in Mach number in that Mach numbers of 1.5, 2.0, 2.35, 2.87,
3.95, and 4.63 were tested, but AOA was limited to 45 deg (Ref. 17).
In the comparisons, the data at M = 2.3 and 2.35 and at M = 4.6
with and without wiring tunnels will be shown on the same figures.
Reference 3 gives all Mach number results.

Figure 7a shows the external view of the configuration tested
without the wiring tunnels.!” The configuration.is 18 calibers in
length with a 2.25-caliber tangent ogive nose. It has wings with
aspect ratio of 2.8 and tail surfaces of aspect ratio 2.6. The wings
are used for control, and the pitching moments are referenced to a
point 8.66 calibers from the nose tip.

Figures 7b-7d present the C, and Cy comparisons of the AP9S
with all data available at M = 2.3,2.35, and 4.6. The data that
extend to AOA =70 deg have wiring tunnels present, whereas the
data without wiring tunnels only go to 45-deg AOA. Note again that
good agreement between the AP95 and data.is obtained for most
values of « and 8.

Pltchmg moments in Fig. 7b are also predicted fairly well at

= 2.3 for all AOA, because the internal shock interactions are
not as severe. However, at Mach 4.6 (see Figs. 7¢ and 7d), the in-
ternal shock interactions are very severe, and the AP95 does not
predict the nonlinearities that occur between AOA of 30 and 60 deg.
However, pitching moments are predicted quite well for AOA less
than 30 deg and greater than 60 deg. These internal shock interac-
tions are believed to be the cause of the axjal force underprediction
at M = 4.6 and @ > 15 deg as well.

In trying to understand the phenomena occurring in Figs: 7c and
7d, the study of Ref. 18 was examined. This work involved wind-
tunnel tests conducted at Mach number 2.7 on a wing-body configu-
ration similar to the configuration in Fig. 7a without the tail surfaces.
Body and wing pressure measurements, oil flow measurements, and
schlieren photographs were taken. The data showed that, even at a
moderate supersonic Mach number of 2.7, the bow shock intersected
the wing in the windward plane at AOA of 30 deg, approximately.
When this occurred, a trailing shock was created behind the wing.
Of course, if a tail surface were present, this trailing shock would
have the potential to interact with the tail surface. As Mach number
increases, this trailing shock increases in strength, causing a much
stronger impact on the tail surface. Since the tail surface is over
7 calibers from the moment center, a small change in tail-normal
force has a much larger impact on the pitching moment. The other
physical phenomenon indicated was a fairly strong change in the
pressure distribution of the carryover lift on the body.'® Most likely,
the center of pressure of this carryover lift also is affected, which
also will change the pitching moment.

Conclusions

The work presented was directed at developing an engineering
version of an APC for AOA > 30 with acceptable accuracy. This
new code could then be used to meet all operational requirements
for the roll position of ® = 0 deg (fins in plus fin orientation). The
following conclusions and recommendations are made.

1) Based on limited comparisons to date, the average accuracy
levels of £10% on C4 and Cy and +4%¢ have been maintained
for the AP95 except in regions of strong shock interactions (high
Mach number, high AOA). Average accuracy means the average of
the accuracy of the AP95 compared to experimental data for several
AOAs and Mach numbers.

2) Many extrapolations of data and engineering judgement were
required in development of the nonlinear semiempirical methodol-
ogy. Additional wind tunnel-data or full Navier—Stokes computa-
tions or both could eliminate some of these assumptions and improve
on the existing methodology. Particular needs are the effect of »/s
on K gy, for all Mach numbers and at the AOA > 5 deg. Any new
tests should be done with a large wing planform mounted in the
middle of the body and with various values of r/s, «, and M.
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