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Descriptions and applications of engineering-, intermediate-, and high-level missile aerodynamics prediction
methods are presented. The engineering-level method is represented by an experimental data-based code, the
intermediate-level method includes enhanced panel method-based codes and a modified linear theory code, and
the high-level methods include a space-marching Euler flow solver. All of the methods contain fin and body vorticity
models. The engineering- and intermediate-level methods are applied to the prediction of high-angle-of-attackpitch
plane and lateral aerodynamic characteristics of missiles at arbitrary roll angle, to aerodynamic loads acting on
conventional and chined body shapes, and to assess effects of fin-body gap on fin loads. The intermediate-level
methods are also employed in the design of nonconventional fin planforms for minimum hinge moment. The Euler
flow solver is applied to the prediction of rolling moments acting on a canard configuration. Comparisons with
experimental data are presented. The conclusion is made that the missile aerodynamicist and/or designer should be
aware of the availability and should make use of the variouslevels of missile aerodynamics prediction methodology.

Nomenclature Cuym = lifting-surface hinge moment coefficient,
axial force coefficient, positive aft along x positive leading edge up; hinge
direction; axial force/q., Srer moment/q ., Spiny Lrer
lifting-surface bending moment coefficient, C = rolling moment coefficient, positive right wing
positive side edge up; bending down (clockwise when viewed from rear); rolling
moment/q ., Spiny Lrer moment/q., Srer Lrer
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= pitching moment coefficient, positive nose up; Introduction
vector along y axis; pitching ISSILE aerodynamicsdiffers from airplane aerodynamicsin
moment/q ., Srrr Lrir many ways. There are large differences between missile and
= normal force coefficient, positive up along z axis; aircraft geometries and in the flow conditionstypically encountered
normal force/q., Srer by each type of vehicle. In the future these differences may be less
= lifting-surface normal force with pronounced. Conventional missile geometries can be characterized
Srer = lifting-surface planform area by long, slender bodies with one or more low-aspect-ratio fin sets.
= yawing moment coefficient, positive nose to right; Conventional aircraft exhibit medium-to-large-aspectratio wings
vector along negative z axis; yawing and smaller span horizontal stabilizer surfaces. Even at low angles
moment/q ., SRer LREF of attack, the canard-tailvortical interferenceon a missile is stronger
= pressure coefficient, (p — pos) /g than the wing-tail interference on conventionalaircraft. Future mis-
side force coefficient, positive to right along y sile configurations may include noncircular or blended-body cross
axis; side force/goo Srer sections and nonconventionalfin planforms.
lifting-surfaceroot chord The flow conditions encountered by a maneuvering missile dur-
= body diameter ing an air-to-air (or other) mission profile can include high angles
= reference length of attack; nonzero angle of roll; fin deflections for pitch, yaw, and
= freestream Mach number roll control; rotational rates; a wide range of flight Mach numbers;
= static pressure, Ib/ft? and variation in altitude. The high angle-of-attack flow condition
= freestream static pressure, Ib/ft? givesrise to formation of flow separation vortices from the fins and
= dynamic pressure of freestream, 0.50,, V2, 1b/ft® the body. All of the vorticity travels aft along the missile configura-
= lifting-surface planform area, ft> tion and influences the overall and component loads in a nonlinear
= reference area, ft? fashion. Transonic and high supersonic flight conditions also bring
= freestream velocity, ft/s nonlinear effects. For cases involving angle of attack and angle of
= body-fixed (rolled) coordinates; x, positive aft; y, roll (or angle of pitch and angle of sideslip), there will be coupling
positive to right; z, positive up of the pitch plane and lateral aerodynamiceffects. When vortices are
= axial coordinate of center of pressure, measured present, these coupling effects become very nonlinear and difficult
from the lifting-surfaceroot chord leading edge to predict.
= axial coordinate of moment center, positive aft For the reasons just mentioned, any missile aerodynamics predic-
= angle of attack or pitch, deg tion method should as a minimum contain modeling or simulation
= included angle of attack, angle between of the nonlinear effects of vortices as they stream aft along the mis-
freestream vector and body centerline, deg sile. The methodology should handle asymmetric flow conditions
= angle of sideslip, deg; positive wind from right associated with nonzero roll angle and asymmetric fin deflections
= pitch-control deflection angle (for example, roll control). Missile aerodynamics prediction meth-
= roll-control deflection angle ods should be able to model low-aspect-ratio lifting surfaces or fins

= fin taper ratio

with the associated leading-edge vortical effects and lift augmen-

= roll orientation angle, positive right wing down tation. Fin-on-fin and fin-on-body aerodynamic interference must
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be included. For cases involving high flight Mach numbers, the
prediction methods may need to account for nonlinear compress-
ibility effects associated with the body such as the influence of the
body nose shock on the forward fins. In extreme cases involving
high angle of attack and with the fins in the 45-degroll position, the
flow between the lower fins may be choked. This is another non-
linear compressibility phenomena. In addition, fin-stall effects are
important at high angles of attack.

Today the missile aerodynamicist has a choice of a fair num-
ber of aerodynamic prediction methods. Status and developmental
plans associated with engineering-level prediction methods NSWC
AP95 and Missile DATCOM are described in Refs. 1 and 2. The
methods available today may not address all of the capabilities
and nonlinear phenomena already listed. Engineering-level meth-
ods based on experimental data inherently include nonlinear effects
at least to the extent set by the actual model shape and scale em-
ployed. Panel methods by themselves do not model vortical effects
associated with flow separation but can predict aerodynamics of
conventional aircraft (high-aspect-ratio wing, small tail surfaces)
fairly well because vortical interference may not be so important.
In contrast, standard panel methods are not adequate for predicting
missile aerodynamics, which is very much influenced by vortical
effects. Panel method-based methods are convenientin that the de-
tails of the body and fin shapes can be handled relatively easily.
Intermediate-levelapproaches,as defined herein, are methods based
on linear theory (including panel methods) and enhanced to model
vortical effects and possibly nonlinear compressibility. Transonic
and high supersonic flight Mach numbers are not predicted well by
the intermediate methodology described in this paper. Apart from
the experimental data-based methods, these flow conditions typi-
cally require high-level methods provided by computational fluid
dynamics (CFD). In general, CFD approaches require consider-
able computer resources and code user’s expertise. However, the
NEARZEUS space-marching Euler flow solver’ mentioned in the
following paragraphs is sufficiently easy to use and runs fast on
workstations. The VECC code, based on impact theory,* can pro-
vide engineering-level or preliminary estimates of aerodynamics
acting on supersonichypersonic flight Mach-number vehicles with
arbitrary shapes.

So far the comments in this introduction have dealt with steady
aerodynamics. For cases involving angle of attack and sufficiently
high rotationalrates, effects caused by vortex lag will resultin time-
dependentaerodynamic characteristics.In such cases unsteady vor-
tex tracking schemes are required; an example is the SHAMAN
code,’ which is based on intermediate-level methodology aug-
mented with a true unsteady vortex tracking scheme. On a higher
level still, unsteady CFD solutions can be applied to cases warrant-
ing full unsteady flow analyses. This paper addresses only steady or
quasi-steady missile acrodynamic prediction.

In what follows, references are made to aerodynamics prediction
computer programs developed, modified, or in use over the years at
Nielsen Engineering and Research (NEAR). The engineering-level
category is represented by missile aerodynamics prediction code
M3HAX.® The intermediate-level category is represented by panel
method-based codes SUBDL (previously designated SUBSAL”)
and SUPDL (previously designated NSWCDM?) for aerodynamic
forcedistributionsactingon subsonicand supersonicconfigurations,
respectively, and the forebody vortex shedding code (VIXCHN?).
The high-level category is represented by the NEARZEUS space-
marching Euler solver.® All of these are summarized in the tech-
nical approach. These codes are applied singly or in combination
with other codes to a variety of missile aerodynamics predictions,
fin-on-body gap effects, and fin planform optimization (OPTMIS).
Additional examples, including missile launch from a pitching air-
craft at high angle of attack, are described in Ref. 10.

For the sake of comparison, some results obtained with the AP95
and Missile DATCOM (MISDAT) codes are included in the predic-
tion of fin-on-body aerodynamicsdescribed in this paper. There are
additional experimental database/simple analytical theory methods
for missile aerodynamicsin use by companies worldwide; for exam-
ple, British Aerospace Sowerby Research Center has its proprietary
code, as do Aerospatiale and Matra Defense in France, and MBB
and Dornier (now DASA) in Germany.

Technical Approach

Short descriptions of the M3HAX, SUBDL/SUPDL, VTXCHN,
NEARZEUS/ZEUSBL, and OPTMIS codes are given below. Fur-
ther details can be found in the cited references.

M3HAX

An engineering-level prediction method has been developed
for aerodynamic performance prediction and for preliminary de-
sign of conventional missiles with cruciform fin sections.®!' The
method uses the Triservice systematic fin-on-body force and mo-
ment database,'""!> which covers a Mach number range from 0.6
to 4.5, fin aspect ratios from 0.25 to 4.0, taper ratio from 0.0 to
1.0, angles of attack up to £45-deg arbitrary roll angles, and de-
flection angles from —40 to 40 deg. The prediction method uses the
equivalent angle-of-attack concept that includes the effects of vor-
ticity, geometric scaling, and nonlinear body-flow effects for high
Mach numbers. The latest program described here is designated
M3HAX.® Program M3HAX has been developed by extending the
M3F3CA code'' to angles of attack up to 90 deg and by including
rotational-rateeffects and nonuniformflowfield effects. Reference 6
summarizes the experimental and analytical databases included in
the M3HAX program and describes the equivalent angle-of-attack
methodology including the inclusion of rotational-rateand nonuni-
form flow effects. Extensive comparisons to independent experi-
mental data for a variety of configurations and flow conditions are
also presented in Ref. 6; several additional comparisons to experi-
ment are shown in this paper. The range of parameters allowed by
program M3HAX is summarized here.

The flow conditionsare as follows: 0.5 < M., <5.0; =90 deg <
o, <90 deg («. > 45 deg by analytical extension); arbitrary roll an-
gle is —40 deg <§ <40 deg; rotational rates (p, g, r); and user-
specified nonuniform flowfield. The geometries are as follows:
0.25 < AR <10.0 (AR > 4 by analytical extension); 0.0 < A < 1.0;
up to three finned sections; one to four fins per finned section; iden-
tical fins within a section; symmetrical airfoil sections; no fins with
forward sweep; and no fin trailing-edge sweep.

SUBDL/SUPDL

The SUBDL and SUPDL methods are based on fast-running sub-
sonic horseshoe vortex and supersonic constant u-velocity panel
methods, respectively, for modeling up to two fin sections includ-
ing fin-body mutual interference on an axisymmetric body. Sub-
sonic point sources/doublets or supersonic linearly varying line
source/doublet singularities are employed to model the axisymmet-
ric bodies for subsonic and supersonic Mach numbers, respectively.
The fin sections can have planar, triform, cruciform, or low-profile
fin layouts. Fin planform is arbitrary with the root chord parallel to
the body centerline. Body and fin-flow separation vortices are mod-
eled and tracked aft along the configuration. Vortex-inducedeffects
are included in the aerodynamic load analysis. Both fin and body
aerodynamic loads include nonlinear augmentations. Simple fin-
stall models are incorporated. The SUBDL and the SUPDL meth-
ods can handle effects of rotational rates and nonuniform flow, and
both codes include a postprocessor for generating distributions of
aerodynamic forces for input to the NASTRAN structural analy-
sis program. For high supersonic flight Mach number cases with
attached fin leading-edge shocks, program SUPDL contains op-
tional nonlinear pressure calculation methods based on applying
two-dimensional shock expansion or Newtonian theory to strips on
the lifting surfaces. In this option SUPDL has the capability to ac-
count for strip-on-stripand body-on-stripinterference by an innova-
tive use of the linear panel solution. Detailed descriptionsapplicable
to the SUBDL and SUPDL codes are availablein Refs. 7 (SUBSAL
is an earlier version of SUBDL) and 8§ (NWCDM-NSTRN is an ear-
lier version of SUPDL), respectively. These codes can be applied to
simplified aircraft configurations as well. The ranges of application
of the SUBDL and SUPDL codes are listed here. The flow condi-
tions are as follows: 0.1 <Mach < critical; 1.1 < Mach < 2.5 (fin
loads up to Mach 6); —20 deg < angle of attack < 20 deg; roll angle
arbitrary; —20 deg < fin deflection angle < 20 deg; rotational rates;
and user-specified flowfield. The geometries are fin planform and
aspect-ratioarbitrary (exceptroot chord parallel to body centerline).
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VTXCHN

Computercode VTXCHN is an intermediate-levelanalytical pre-
diction method for efficient prediction of steady aerodynamicloads
acting on forebodies under the influence of shed vortices. The shed
vortices form a vortex cloud. VTXCHN has been integratedinto the
conceptual design aerodynamic prediction method HASC (high-
angle-of-attack stability and control)'® and in the comprehensive
store separationanalysisprogram STRLNCH. '* The forebodiesmay
have arbitrary cross sections with or without corners or sharp chine
edges. Flow conditionsinclude subsonicflow up to the critical speed,
high angle of attack, angle of sideslip, and steady rotational rates.
VTXCHN combines conformal transformation of the body cross
section to the circularor mapped plane and elements of linear theory
with models for the nonlinear effects of primary vortex shedding.
The calculation procedure involves marching down the forebody
from one cross section to the next, performing flow analyses in the
mapped plane, and calculatingaerodynamicloadingsin the physical
plane.

NEARZEUS/ZEUSBL

The NEARZEUS code® is a space-marching Euler solver that
combines a semiautomatic, multiple zone, gridding technique and
a second-order extension of Godunov’s method. The Godunov
method"’ is an upwind scheme based on the Riemann problem for
steady supersonic flow. Itis castin control volume form and consists
of a predictor and corrector step. The predictor step advances the
primitive variablesusing Euler’s equationsin nonconservationform.
Derivatives are computed using a limited central-differencing pro-
cedure. The correctorstep modifies Godunov’s method by assuming
linear property variations within each control volume. Because the
flow must remain supersonic in the axial direction, the flow con-
ditions are typically limited to Mach numbers greater than 2.0 and
angles of attack less than 30 deg.

The original ZEUS code!® was extended to very high Mach
numbers'’ by incorporating the high-temperature effects of air in
chemicalequilibrium. These effectsare accountedfor by using curve
fits to compute thermodynamicpropertiesof equilibriumchemically
reacting air.

A boundary-layer module, ZEUSBL,*'® contains an integral
boundary-layermethod designed specifically to be used in tandem
with the NEARZEUS code. It is based on the MEIT code," which
was originally designed for re-entry vehicles. Special procedures
are included to account for transition and shock-boundary-laye in-
teraction.

The NEARZEUS/ZEUSBL codes run on workstations; are ro-
bust and capable of treating realistic configurations efficiently and
accurately; and together provide a means to obtain estimates of lo-
cal skin friction, heat transfer, and skin-friction drag in addition
to the overall aerodynamic loads. The real gas capability can pro-
vide accurate predictions in support of future hypersonic aircraft.
Considering the high cost of wind-tunnel testing and of perform-
ing Navier-Stokes calculations, the NEARZEUS/ZEUSBL codes
provide an economical predictive tool that is not dependent on a
database and that includes nonlinear aerodynamic effects, which
are typically missing in simpler methods. Run times on an HP
9000/735 workstation are of the order of 15 s for a simple body-
alone configuration and under a minute for a body-canard-tail
configuration at a high Mach number and including real gas ef-
fects. To date, NEARZEUS/ZEUSBL codes have been installed
on the following computer platforms: SunSPARC, HP 9000/700
series, IBM 6000 IAX, SGI Indigo R4000/Elan, and Alpha/VMS
AXP.

OPTMIS

NEAR has developed an innovative design tool employing
combined numerical optimization and aerodynamic/structural pre-
diction techniques for the optimal aerodynamic design of missile
configurations with geometric constraints such as those imposed by
conformal/internal carriage. The Planform/Configuration Optimiza-
tion Program OPTMIS?® for arbitrary cross-sectionbodies with up
to two fin sections was developedunder an Air Force SBIR Contract.
A brief description of the methodology employed is given; further

details can be found in Ref. 20. The Results section in this paper
describes one of the developed optimized fin planforms verified by
wind-tunnel testing and Navier-Stokes CFD calculations.

A modular numerical optimization shell was developed and cou-
pled with subsonicand supersonic fast-running panel method-based
missile aerodynamic prediction programs that include nonlinear
high-angle-of-attack vortical effects. The combined methods have
been used to demonstrate the numerical optimization procedure for
missile fin optimization with several differentdesign objectives and
with several different geometric constraints. Details are given in
Ref.20. The design variables governfin planformshape. For aerody-
namic design problems related to missile fins, the desired objective
is generally a nonlinear function of the design variables. In addition,
various forms of the objective function can be specified depending
on the desired design goal, and several constraints may need to be
imposed on the chosen design variables.

The optimization algorithm implemented in the OPTMIS pro-
gram is Powell’s Conjugate Directions Method (PCDM).20-22
NEAR subsonic and supersonic panel method-based aerodynamic
prediction modules, SUBDL’ and SUPDL,*? are employed as
the aerodynamic prediction modules within the design code. The
VTXCHN® methodology is used to model circular and noncircular
body shapes within the SUBDL and SUPDL modules.

The optimization method solves a minimization problem. An In-
dex of Performance (IP) is defined, which contains both the de-
signobjectivesand constraints. The Sequential UnconstrainedMini-
mization Technique (SUMT) of Fiacco and McCormick®* does this
by defining an augmented objective function expressed as an IP,
which is minimized during the optimization procedure. Details of
the optimization procedure employed can be found in Ref. 20.

Selected Results

Some representativeresults including comparisons between pre-
dictionsobtained with the engineering-level,intermediate-level,and
high-level prediction methods already described and wind-tunnel
data are given below. Aerodynamic predictions for different mis-
sile models are compared to experiments including pitch-plane and
lateral-aerodynamiccharacteristics. Aerodynamic characteristicsof
circularand chined cross-sectionbodies at high angles of attack un-
der the influence of body vorticity are presented without and with
effects of angle of sideslip. Pitch-plane characteristics predicted
for a nonconventional body-wing vehicle are compared with wind-
tunnel data. The predictedeffects of fin-body gap on fin aerodynamic
characteristicsare compared with experiment. Predicted rolling mo-
ments acting on a two-fin canard section with fixed cant angles are
compared with experimental data. The results of a fin planform op-
timization scheme aimed at minimizing the axial travel of center of
pressure are described including results from a wind-tunnel test.

Aerodynamic Characteristics of Two-Fin Set Missile Configurations

In the following sections comparisons of predicted results and
wind-tunnel data are presented for both canard-tail and wing-tail
missile configurations.

AIM-9L Longitudinal Characteristics

Figure 1 shows normal force and pitching moment coefficient
acting on the unrolled wind-tunnel model of the AIM-9L, shown at
the top of Fig. 1, for angles of attack up to 20 deg. The Mach number
is 0.4, and results are plotted for the horizontal canard fins set at zero
and 10 deg for nose-up pitch control. The experimental data® show
a fair amount of nonlinearity, which is caused by the canard fins
stalling atrelatively low angle of attack and by the induced effects of
the canard-fin wake interferenceon the tail fins. The induced effects
are the main reason for the normal force being essentially invariant
but the pitching moment showing the effects of pitch control at low
angles of attack. These characteristics,including the effect of pitch
control, are predicted well by SUBDL.

TF-4 Longitudinal Characteristics

Figure 2 presents overall normal force and pitching moment co-
efficients as a function of angle of attack for a TF-4 wind tunnel
model.?® The canards can be deflected for control. Experimental
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Fig. 2 Longitudinal aerodynamic characteristics of a TF-4 wind-
tunnel model with canard pitch control.

results in Fig. 2 are given for the model at 0-deg roll angle and
for the horizontal canards deflected 0 and 5 deg (leading edge up)
for pitch control. The Mach number is 2.5. Predicted results from
both the M3HAX and SUPDL codes are compared with the wind-
tunnel results in Fig. 2. Normal force is predicted well by both
codes throughoutthe angle-of-attackrange althoughit is somewhat
underpredicted by the SUPDL code at the higher angles. In regard
to pitching moment, SUPDL results compare well throughout the
angle-of-attackrange whereas the M3HAX results indicate a pitch-
ing moment at the higher angles, which is more nose down than the
data. A small error in the distributionof loads on the long afterbody
or large tail fins could explain this difference.

TF-4 Rolling Moment Characteristics

Rolling moment coefficients are shown in Fig. 3 for angles of
attack up to about 20 deg for the canard control wind-tunnel model?®
shown at the top of Fig. 3 at roll angle 26.6 deg. The horizontal
canard fins are differentially deflected 5 deg for roll control. Results
are displayedfor Mach 1.75 and 2.5. For angle of attack up to 10 deg,
the canard fin wakes swirl along the body aft of the canard section
and induce highly nonlinear effects on the tail fins. The overall
rolling moment C, is heavily influenced by the vortical wakes from
the canards, which can be seen from the difference between the tail
fins off and tail fins on results. In addition, at angle of attack above
10 deg, the long section of body between the canard section and the
tail section sheds body-flow separationvortices. As aresult,at Mach
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Fig. 3 Rolling moment coefficient of a TF-4 wind-tunnel model with
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Fig. 4 Longitudinal aerodynamic characteristics of a Sparrow wind-
tunnel model with tail pitch control; M = 1.6 and ¢ = 0 deg.

1.75 the combined effects cause the canard rolling moment to be
nearly negated at zero angle of attack. The overall rolling moment
then turns positive, after which it starts dropping back toward zero.
The Mach 2.5 data also show the negation at zero angle of attack.
Above this angle the overall rolling moment approaches the tail fins
off (canard rolling moment) result before turning to zero at 20 deg.
The M3HAX code shows the same trends and actually predicts the
magnitudes fairly well for these difficult cases.

Sparrow with Tail Control, Longitudinal Characteristics

Figure 4 shows normal force and pitching moment coefficients as
afunctionof angle of attack for a Sparrow wind-tunnelmodel.>” The
tail fins can be deflected for control. Experimental results are given
for 20-, 0-, and —20-deg pitch control provided by the horizontal
tail fins with the model at zero roll angle. Mach number is 1.6.
Predictions obtained with the M3HAX code are indicated by the
solid lines. The predicted and measured normal force coefficients
compare well throughout the range of angle of attack. The pitching
moment coefficients appear to be underestimated by M3HAX for
angles of attack above 10 deg. A slight error in the nose loads may
account for this discrepancy.

Sparrow Tail Control, Tail Fin Aerodynamic Characteristics

The tail fin loads corresponding to the overall longitudinal char-
acteristics just described are shown in Fig. 5. The agreement in
fin normal force, hinge moment, and root-bending moment be-
tween M3HAX predictions and experimentcan be considered good
to excellent. The aerodynamic loads acting on the horizontal tail
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model with tail pitch control.
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Fig. 6 Longitudinal aerodynamic characteristics of a Sparrow wind-
tunnel model with wing pitch control.

surfaces are influenced by the vortical wakes from the forward hor-
izontal wing surfaces.

Sparrow with Wing Control, Longitudinal Characteristics

The bottom of Fig. 6 shows the wing control version of a Spar-
row wind-tunnel model.?® The model is rolled 45 deg, and all four
wing panels can be deflected for pitch control. Overall normal force,
pitching moment, and axial force coefficients are shown in Fig. 6 for
0- and 10-deg pitch control as a function of angle of attack. Mach
number is 2.0. In this case the vortical wake affecting the tail fin
loads includes vortical effects from all four wing panels. The effect
of wing pitch control on normal force is predicted fairly well up to
about a 35-deg angle of attack. The experimental pitching moment
shows a nonlinear behavior between 14- and 22-deg angle of attack,
more so for the zero-wingpitch control conditionthan for the 10-deg
pitch control condition. The M3HAX predictionsindicate the same
behaviorshifted to higher angles of attack. Above 30 deg the predic-
tion underestimates the pitching moment. Measured and predicted
axial force coefficients are in good agreement for the 0- and 10-deg
pitch control conditions throughout the range of angle of attack.
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Fig. 7 Rolling moment coefficient of a Sparrow wind-tunnel model
with wing roll control.
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Fig. 8 Longitudinal characteristics of forebody Al.

Sparrow Wing Control, Rolling Moment

Figure 7 shows the overall rolling moment with the right upper
wing (panel 1) and left lower wing (panel 3) deflected 5 deg for roll
control. The modelis rolled45 deg as for the case already described.
For this roll control condition the experimental rolling moment dis-
plays nonlinear behavior with angle of attack. Predictions obtained
with the M3HAX code are provided with and without tail fins. At
low angles of attack the negation effect of the tail fins predicted by
M3HAX is similar to that shown for the TF-4 model described ear-
lier. The levelinmagnitudeof the overallrollingmomentis predicted
reasonably well by M3HAX up to about 25-deg angle of attack.

Circular Cross Section and Chined Body-Alone Aerodynamics
Axisymmetric Forebody, Al

Figure 8 shows the longitudinalcharacteristicspredictedby VTX-
CHN for a three-caliberaxisymmetric forebody. For smooth bodies
VTXCHN can use either a laminar or turbulent flow separation
model. Both the laminar and turbulent results are shown in Fig. 8.
The Reynolds number of the experiment,?’ based on base diameter,
is 4 x 10°, which is in the transition region. VIXCHN’s turbulent
results agree very well with experiment. The pressure distribution
halfway down the body is shown in Fig. 9 for angles of attack of 10
and 30 deg. At 10-degangle of attack agreementbetween VIXCHN
prediction and data is good for either laminar or turbulent separa-
tion criteria. At 30 deg the predicted pressures based on the turbu-
lent criteria agree better with experiment than those obtained with
the laminar criteria. Generally, VTXCHN captures the details of
the pressure distribution to first order, but higher-ordereffects such
as those caused by secondary separation and reattachment are not
modeled by the present versionof VIXCHN. For cases with sideslip
at 10- and 30-deg angles of attack, Figs. 10 and 11, respectively, the
agreement in the lateral characteristicsis good at 10 deg and is fair
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Fig. 10 Lateral characteristics of forebody Al; M » = 0.2 and o =
10.0 deg.

at 30 deg. It is likely that asymmetric vortex shedding relative to the
crossflow velocity occurs at angles of attack of 30 deg and higher.
Asymmetric vortex shedding at high angle of attack at zero sideslip
currently is not modeled by VITXCHN.

Examplesof pressuredistributionsfora 6-degangle of sideslipare
alsoshownin Figs. 10 and 11 for an axial locationhalfway down the
forebody. Note that the pressure coefficients are plotted against the
vertical coordinateparameter2 Z/ h. At an angle of attack of 10 deg,
the laminar and turbulent predictions are nearly identical and agree
very well with the data. At 30-deg angle of attack, the VTXCHN
predictions agree fairly well on the windward side (2 Z/ h less than
0.0). Near 2 Z/h = 0.0 the predicted right-side (RS) and left-side
(LS) pressure contours cross over. This behavioris indicated by the
experimental data. On the leeward side the measured pressures may
be influenced by secondary vorticity.

Chine Forebody, C1
Figure 12 presents the longitudinal comparisons for the sharp
chine forebody, C1. The predicted results are based on forced sepa-
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Fig. 11 Lateral characteristics of forebody Al; M« = 0.2 and o =
30.0 deg.
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Fig. 12 Longitudinal characteristics of chine forebody C1.

ration at the edges and compare well with experimentup to a45-deg
angle of attack. Above this angle the VITXCHN predictions are
somewhat high, most likely caused by the vortex cloud (collection
of shed vortices) being too close to the upper surface of the body.

The predicted and experimental pressure distributions on the C1
forebody are given in Fig. 13. Agreement is reasonably good for
both 10- and 30-deg angles of attack although the pressures on the
upper surface near the chine edges are underpredicted.

Figures 14 and 15 display the lateral characteristics for 10- and
30-deg angles of attack, respectively. At 10-deg angle of attack
agreement between the prediction and experiment is considered
good. The lateralresults predictedby VITXCHN at an angle of attack
of 30 deg are high and do not exhibitthe almostlinear characteristics
of the experimental data, which may be due to the vortex cloud be-
ing washed too close to the side of the body for the flow conditions
considered.

Typical pressure distributions around the chine forebody C1 are
shown in Figs. 14 and 15 at axial location Ly, /2.0 for a 6-deg
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Fig. 14 Lateral characteristics of forebody C1; M » = 0.2 and o =
10.0 deg.

angle of sideslip. The pressure coefficients are plotted against ver-
tical coordinate parameter 2 Z / h where £ is the height of the chine
forebody. Figure 14 shows the pressure distribution for a 10-deg
angle of attack. The VIXCHN prediction agrees well with the ex-
perimentaldataon both sides of the body exceptnearthe chineedges
where the pressureis somewhat underestimated. For a 30-deg angle
of attack, Fig. 15, the prediction agrees fairly well with experiment
exceptnear the chine edges although the major differencesbetween
pressures measured on the RS and LS are predicted.

Nonconventional Wing-Body Configuration

The X34C geometry is shown in Fig. 16. The X34C has sev-
eral geometrical characteristics that make it desirable to use an
intermediate- rather than an engineering-level prediction code to
predictits aerodynamics. The X34C has a 10-caliber body, drooped
nose, noncircular body, leading-edge strake, wing camber, wing
incidence angle, wing twist, low wing, inboard and outboard flap-
erons, and body flap. Figure 17 shows normal-force and pitching-
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moment coefficient comparisons between wind-tunnel data (private
communication, Orbital Sciences Corporation, 1997) and predicted
results from the combined VTXCHN/SUBDL codes for the X34C
at various subsonic Mach numbers. The predicted normal-force and
pitching-momentvalues compare well to experimentaldataup to an
angle of attack of 15 deg. Past a 15-deg angle of attack, the normal
force at Mach 0.95 is overpredicted, and the normal force at Mach
0.40 is underpredicted. The pitching moment at Mach 0.95 past a
15-degangle of attack is underpredicted.It is interesting to see how
well the Mach 0.95 case is predicted although this case is clearly in
the transonicregime. The downward shiftin the pitching moment at
zero normal force and the neutral stability of the vehicleis predicted
correctly.

Fin Gap Study Results

Aninvestigationof the unportingeffectsassociatedwith deflected
fins was performed at NEAR. Part of the study was to assess the
predictive capability of missile aerodynamic prediction codes for
deflected fin forces and moments. An example is shown here for
FIN10 of the McDonnell-DouglasINASA Langley Fin-Body In-
terference Study.>* FIN10 mounted on an ogive-cylinder body is
depicted in Fig. 18. The forebody will shed flow separation vor-
tices, which will influence the fin loads. The fin has an aspect ratio
of % and a taper ratio of é This fin was chosen because of its small
span and low aspectratio, which will have larger center-of-pressure
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variations than a higher aspect ratio fin and is more representa-
tive of future fins to be used in internal carriage configurations.
Figures 18 and 19 show measured and predicted aerodynamic re-
sults for FIN10 at M,, = 1.6 for fin deflections of 0 and 10 deg,
respectively. Angle of attack «, fin hinge-moment coefficient Cyyy,
and fin axial center of pressure Xcp/cy are plotted as a function
of the fin normal force coefficient Cyg. This choice of indepen-
dent variable was taken because in this way the center-of-pressure
locations tend to correlate best. Predictions are included from the
M3HAX.,S SUPDL,? AP95,! and Missile DATCOM? (MISDAT on
graphs) codes.

To discern gap or unporting effects from fin force and moment
data can be difficult. There are two primary gap effects that can be
seenin the a vs Cyr curves for 0- and 10-deg fin deflection (Figs. 18
and 19). First, for the deflected fin the slope d /3 Cyr is less than that
of the undeflected fin for Cxr < 0.5, which is actually an increase
in the normal-force coefficient slope dCyg/dc. Second, there is a
larger decrease in dCyr/da with an increasing angle of attack for
the deflected fin. The increased dCng/da slope of the deflected fin
for Cng < 0.5 is not an intuitive result. There should be a decrease
in fin-body carryover effect and a decrease in the favorable body-
upwash effect for the deflected fin. These effects can actually be
seen in Cyr and can be estimated by comparing the « =10, § =0

Experiment
M3HAX
-------- SUPDL
- AP95

- MISDAT

1.5

Fig. 19 FIN10 forces and moments; M « = 1.6 and § = 10 deg.

results to the « =0, § = 10 results: Cyr(a =10, §=0) is 0.41, and
Cnr(a=0,8=10)is0.25.0r, 3Cnp/d > dCyg/ 36 because of the
increased body upwash and increased fin-body carryover effects for
the undeflected fin (no unporting). The larger decrease in dCng/dcr
for the deflected fin at higher angle of attack is caused by fin stall
because the deflected fin is at a large angle of incidence and is
subjected to unporting effects that may induce flow separation and
stall. The increase in dCng/dc of the deflected fin for Cyg < 0.5 is
not fully understood.

From the comparisons with experiment, one can see that all of the
prediction methods estimate the fin normal force adequately for de-
sign. However, the SUPDL program underestimates Cyr for the de-
flected fin. Both the M3BHAX and SUPDL codes estimate and char-
acterize the hinge moment and the axial center-of-pressurelocation
behavior well. The extensive correlations of vortex-free fin center-
of-pressure location incorporated in the M3HAX code® from the
Triservice fin-on-body database,'? and the use of the detailed vortex
modeling including vortex effects on fin center of pressure, provide
good agreement for this case. The panel method-based SUPDL?
also includes detailed vortex modeling, which is necessary to esti-
mate fin hinge moment and center-of-pressurelocation. For various
reasonsthe AP95 and Missile DATCOM codes are not as successful
in predicting the hinge moments and axial center-of-pressureloca-
tions for the undeflected and deflected cases. One reason is that both
M3HAX and SUPDL include effects of upstream vorticity. In addi-
tion, the M3HAX code inherently includes nonlinearitiesassociated
with the Triservice fin-on-body database.

Rolling Moments Acting on Canards with Fixed Cant Angles

The NEARZEUS/ZEUSBL codes have been applied'”*' =3 to a
range of configurations and supersonicflow conditions, from simple
body-alone shapes at low supersonic Mach numbers to a waverider
configuration at Mach 20. For this paper comparisons of mea-
sured (private communication, Stephen McIlwain, Shorts Missile
Systems, Belfast, Northern Ireland, United Kingdom, 1997) and
predicted rolling moment coefficients on a missile forebody with
canards are presented. The configuration of interest, which consists
of a missile forebody with canted delta-planformcanards, is shown
in Fig. 20. Wind-tunnel results were obtained at a freestream Mach
number of 3.5 and several included angles of attack. Rolling mo-
ment data were obtained as a function of roll angle ¢, where ¢ is
measured relative to the horizontal and is positive for right wing
down. Note that the canards are canted leadingedge up at ¢ = 0 deg
with the starboard and port canards at different angles.

For the NEARZEUS calculations it is required that the flow
everywhere be supersonic; however, there are obviously regions on
the tip of the blunt nose where this condition is not met. Therefore,
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Fig. 20 Canard/forebody geometry.
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Fig. 21 Typical NEARZEUS grid layout in region of canards.

a blunt body solver is used,® which provides to the NEARZEUS
code a starting plane solution at which the flow is everywhere su-
personic. Next, a series of NEARZEUS calculations are carried out
to obtain the overall forces and moments on the canard/forebody
configuration. First,a NEARZEUS calculationis carried out for the
nose region up to an axial station just ahead of the forwardmost
canard leading edge. Then, the nose grid layout is converted to that
to be used for the canards region. A slice showing the grid layoutin
the middle of the canards regionis shownin Fig. 21. In this case the
outer boundary of the grid layout is coincident with the bow shock.
For all calculations the grid is made up of 36 radial cells and 144
circumferential cells. Finally, a NEARZEUS calculation is carried
out for the canards region.

Comparisons of measured and predicted rolling moment coeffi-
cients at Mach number 3.5 are presented as a function of roll angle
in Fig. 22 for total included angles («.) of 4 and 10 deg. The mag-
nitude of the rolling moment has purposely been left off these plots
because of the proprietary nature of the data; however, it can be
reported that a negative rolling moment is produced at ¢ =0 deg,
as would be expected from the starboard canard having a larger
leading-edge up deflection angle than that of the port canard. These
comparisons indicate excellent agreement between the measured
and predicted results in regard to both the magnitude of the rolling
moment coefficient and the variation with roll angle. As is shown
in Fig. 22, the maximum negative rolling moment is reached near
¢ =60 deg, where the starboard canard is fully exposed to the wind-
ward flow and the port canard is partially shadowed by the body. At
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Fig. 22 Variation of rolling moment coefficient with roll angle on a
canard-forebody; M o = 3.5.

¢ = %180 deg the configuration has been completely flipped over,
and the difference in the loadings between the canardsis seen to be
approximately the same as that at ¢ = 0 deg. As the rotation contin-
ues (from ¢ = —180 to 0 deg), the starboard canard is increasingly
in the shadow of the body, but the difference in loadings between
the canards, as indicated by the rolling moment, is actually reduced
compared to that at ¢ =0 and 180 deg. Peak values in rolling mo-
ment are indicated near ¢ = £60 deg.

Fin Planform Optimization

Many design studies have been performed utilizing the NEAR-
developed optimization software, including fin planform optimiza-
tions, two-finned set optimizations, and body-shape optimizations.
Results of fin planform optimizationstudies are presented here. The
planform shapes described here have been tested in the wind tunnel
as part of an Air Force SBIR Contract.?’ A total of six fin planforms
were tested in the wind tunnel. The circular body of the wind-tunnel
model was 5 in. in diameter, and its length was 36 in. Four of the
fins had exposed spans of 3.61 in., and two had spans of 7.0 in. One
fin of each span was a reference trapezoidal fin. These referencefins
were used to start the optimization design studies. Fin performance
is measured relative to the reference fins.

Figure 23 depicts small span fins designated FIN1 (reference)
and FIN3 (optimized). Other fins tested are described in Ref. 20.
The OPTMIS software was used to design FIN3 with FIN1 as the
initial guess reference fin. The design objective was to minimize
the fin axial center-of-pressure travel from subsonic to supersonic
speeds over a realisticrange of angle of attack. The objective can be
restated to reduce the variation of axial center-of-pressuretravel as
a function of fin normal force. The design variables used for these
cases were the fin leading- and trailing-edge shapes. The fin root
chord and exposed span were fixed. The design variables used in
the optimization studies were third-order Chebyshev polynomials
describing the leading- and trailing-edge shapes.

Figure 23 compares measured and predictedresults for FIN3 (op-
timized) and FIN1 (reference) for a fin deflectionangle of 0 deg. The
axial centerof pressureis plotted as a function of the fin normal force
coefficient (based on fin area). Predicted results are shown from the
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OPTMIS code and the Navier-Stokes flow solver OVERFLOW.3¢
The experiment, the design code OPTMIS, and the CFD results in-
dicate that the optimized fin FIN3 has less center-of-pressuretravel
from subsonic to supersonic speeds and that the optimized fin has a
flatter axial center-of-pressure variation with increasing fin normal
force as compared to the reference fin. There is, in general, good
agreement between the predictions and the experiment.

Concluding Remarks

This paper presents applications of a variety of missile aero-
dynamics prediction methods developed by and/or routinely used
at NEAR: the experimental data-based M3HAX code, the panel
method-based SUBDL/SUPDL codes, the modified linear theory
VTXCHN code, and the Euler solver-based NEARZEUS code. Be-
cause these methods are easy to use and fast-running on worksta-
tions, they are considered engineering prediction methods. The ap-
plications include two different canard-tail missile configurations
for which pitch-plane and lateral-directionalaerodynamics are pre-
dicted and compared with subsonic and supersonic experimental
data. Circular and chined cross-section body-alone cases are an-
alyzed by the body vortex shedding VITXCHN code, and the re-
sults are compared with experimental data for high angle of attack
with and without angle of sideslip. Pitch-plane aerodynamic charac-
teristics are predicted for a nonconventional wing-body configura-
tion using a combination of SUBDL and VTXCHN. The M3HAX,
SUPDL, and other prediction methods are applied to assessing the
effects of fin-body gap caused by deflection on the fin aerodynamic
loads. Rolling moments as a function of roll angle are predicted
by the NEARZEUS code and compared with experimental data for
a canard-forebody configuration having two canard fins with fixed
cant angles. Finally, examples are given of a fin planform optimiza-
tion effort using the SUBDL/SUPDL methodology coupled with
an optimization code. The design objective is to minimize axial
center-of-pressuretravel.

It is clear from the comparisons that any missile aerodynamics
prediction method must include models for nonlinear flow phe-
nomena such as vortical effects. To be really useful, missile aero-
dynamics predictions must be able to provide estimates of lateral
directional aerodynamic characteristics related to asymmetric de-
flections and/or roll angles different from O or 45 deg. Some pre-
diction methods do not have the capability or flexibility to generate
results at arbitrary roll angles or to provide lateral directional aero-
dynamic characteristics. The missile designer/aerodynamicist has
now been informed of a wide range of presently available aerody-
namic prediction methods.
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