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ABSTRACT BACKGROUND
The aim of the research described herein was to develamhis paper describes recent research performed by
and verify an efficient optimization-based aerodynamiqvielsen Engineering & Research3 aimed at

/ structural design tool for missile fin and configurationdeveloping practical methods for missile control fin
shape optimization. The developed software was used #esign and for missile configuration shape optimization.
design several missile fin planforms which were teste&ome background information is presented which
in the wind tunnel. Specifically, this paper addresses fijescribes the importance and difficulties of predicting
planform optimization for minimizing fin hinge and designing efficient control fins. This is followed by
moments, as well as aeroelastic design (flexible finy description of the technical approach and design code
structures) for hinge moment control. The method igjeveloped. Results from the design code and wind
also capable of shape optimization of fin-bodytunnel tests are presented.

combinations with geometric constraints. The inclusion

of aerodynamic performance, geometric constraints, antfissile control fins have been, and are arguably still, the
structural constraints within the optimization softwareMost efficient means of controlling a tactical missile and

facilitates multidisciplinary analysis and design. The9uiding it to a target. They can efficiently generate the

results of design studies and wind tunnel tests argduired maneuvering force either by a direct action
near the center of gravity, as in a mid-wing control

described. -l ' i i
missile, or through rotation of the missile to higher
LIST OF SYMBOLS as in canard or tail control missiles. Affecting all of
AR aspect ratio of two fins joined at root chord these aerodynamically controlled configurations are the

sizing and power requirements of the control surface
actuators. Other means of control, such as thrust vector
control and control jets are also important to high
performance missiles. Thrust vector control can improve
both the initial engagement of a threat, including
engagement of a rear target, and the end game

Cye  fin normal-force coefficient, force/q &

Cnes  fin normal-force coefficient based on fin area,
force/q, $,

Cr, Cr root chord, tip chord
design objective

g equality constraint g ’ ' ! ] )
h inequality constraint maneuvering (if thrust is still avaﬂa_ple). Control jets,
P Index of Performance (cost function) dependlng_on_ placement, can be u.t|I|zed to translat.e or
M., Mach number rotatg a missile. Both thrust vectorlng and control Jgts
Qs freestream dynamic pressure prqwde fast response and also_ provide control at high
S exposed planform area of one fin glt|tude_s where ﬂlaerodyn.amlc control becomes
o  reference area, body cross-sectional area  INeffective. ~ Laca details the advantages and
S exposed fin span disadvantages of different missile control configurations.
t fin thickness The primary effects of control fins on missile system
XceCr fin axial center of pressure design are the available maneuvering force and the time
XyL  fin hinge line location aft of fin leading edge response associated with maneuvering. In terms of
Ycds  fin spanwise center of pressure subsystem design, the control fins determine the actuator
o body angle of attack, degrees sizing. The actuators influence the missile weight
d fin deflection angle, degrees directly through their size and power requirements.
or fin polar angle location, 0° horizontal, 90° = Briggs® describes the performance parameters which
windward meridian, -90° = leeward meridian affect control fin actuator design and size. These include
A fin taper ratio, ¢ /g frequency-response bandwidth, stall torque, rated torque,
and fin deflection rate at rated torque. The stall torque
* Senior Research Engineer, Senior Member is the maximum expected “worst case” applied torque
t President, Associate Fellow felt by the actuator and is composed of the sum
* Research Engineer, Member (multiplied by a factor of safety) of the aerodynamic
Copyright ©1998 by Nielsen Engineering & Research, Inc, hinge moment and the frictional bearing torque
Published by the American Institute of Aeronautics and associated with the fin root bending moment. Rated

Astronadutics, Inc. with permission.
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torque is the maximum expected applied torque (friction  points plotted corresponding to 11 angles of attack from
+ aerodynamic) over a nominal flight envelope. Fin  0° to 45° 10 windward side roll apgldsom 0°
deflection rate capability must permit three axis missile  to 90°, and 9 deflection angles from -40° to +40°. Data
control up to the structural load limit or maximum value  dor 0° are shown as solid circles and correlate fairly

of total normal force acting on the missile. Rated torquevell with Cyrg. There is considerable variation of
multiplied by deflection rate determines the power ~pXg /c with deflection angle: up to 14% of ¢ . When
requirements of the actuator. Actuator mass is lower Mach numbers are considered, this variation is
determined primarily by the power requirements and can  @reater since the center of pressure is further
account for 10% of the missile mass. Reductions in  forward. Much of the deflegted; x /c variation is
hinge moments can significantly reduce this massssociated with nonlinear effects due to the fin-body gap
fraction. which are extremely difficult to predict. Results for

TriserviceFIN42 (AR=1, A=%) are shown in Figure 3.

Current and future air-to-air missiles are being deSignegompared 1o FIN52, Figure 2, this lower aspect ratio fin

for internal carriage. Internal carriage sets limits on fin o .
: . . shows more variation ofp £ with g for both zero

span due to stowage requirements. This results in fins X X : .
X : . .. and nonzero deflections. With deflection, the fin-body
with reduced aspect ratios. Hinge-moment coefficients

typically increase for lower aspect ratio fins due oJ2P '3 physically larger for FIN42 than for FINS2 due

. . i o different root chord lengths. Aerodynamic
larger variations in the axial center-of-pressure trave : . !
X nonlinearities such as those depicted present a strong
with both load and Mach number. The reduced span ; . T
. i . challenge to designers of highly maneuverable missiles
results in lower bending moments thus making the . :
S . which operate from subsonic to hypersonic speeds.
frictional bearing torques small compared to the
aerodynamic hinge moments. The approach described hérein to design control fins
L . with improved performance is a practical one which
Historically, hinge moments have always been .. . ST .
utilizes numerical optimization and nonlinear

considered in missile designs. This has been erodynamic prediction methods. The primary goal was
accomplished through the choice of the most beneficiaﬁ y P : P Y9

location of the hinge line over the expected flight o design fins with improved performance over that of

envelope. Nielséh states thlt is often contended the initial or baseline fin. Thergfore, |t. is not strictly
necessary that the aerodynamic prediction accurately

that calculations of hinge moments are not reliable : o .
; o . model all the nonlinearities present. However, it must
because of frequent nonlinear variation of hinge-moment . . .
. . . , estimate the relative performance of fins adequately.
coefficient with control deflection and angle of attack - . .
. ) .~ Promising designs were analyzed with CFD for
(1960). This is especially true for small values of hinge, . ~ . . . X
) . verification prior to wind tunnel testing.
moment (desired). However, Nielsen notes that, when
hinge moments are small, nonlinearities are not so TECHNICAL APPROACH
important. Lacati mentiongTheoretical estimate of . Lo .
A numerical optimization shell has been coupled with

these moments is not yet possible because the control ; : X
. subsonic and supersonic fast running panel

forces center of pressure cannot be calculated with the . : -
. method-based missile aerodynamic prediction programs

needed accuracy. Therefore, control forces and hlngsvhich include nonlinear high angle of attack vortical
moments are obtained from wind tunnel tests” (1988),

Some examples of fins developed with Considerableffects and a structural finite element cdde. Program

o OPTMIS!2 for missiles with arbitrary cross section
effort by manufacturers to minimize center-of-pressur . ; .
N odies and up to two fin sections was developed under
travel are reproduced from Laéau in Figure 1.

a U.S. Air Force Small Business Innovative Research
Not much has fundamentally changed since 1960 (iSBIR) contract. A U.S. Navy SBIR effort investigated
1988 in regards to the prediction or estimation of hing¢he extension to and design of flexible composite fin
moments. They are highly nonlinear with respect fp M structures which aeroelastically minimize hinge
«, ¢, and 3, and are difficult to predict with momentss A description of the methodology employed
computational methods which lack experimentalfollows.
empiricism. Lesieutre and Dillenills documented and
correlated the axial and spanwise fin center of pressure
for fins in the Triservice experimental data bﬁsq\,,:§ The optimization algorithm implemented in the
Xcp/Cr and yep/s are nonlinear with the flow conditionsOPTMIS design software is a direct search algorithm,
and deflection angles. It was shdwn thapxg /c andPowell's Conjugate Directions Methb@'®  The Nielsen
ycp/s correlate with g for undeflected fins in the Engineering & Research (NEAR) subsonic and
absence of strong vortical effects. Figure 2 depicts theupersonic panel method-based aerodynamic prediction
experimental xp /g versus g for Triservice FIN52 modules, SUBDE! and SUPDE2!®  are employed as
(AR = 2, A = %) for M, = 3.0. There are 990 data the aerodynamic prediction modules within the design

code. The VTXCHN?* methodology is used to model
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circular and noncircular body shapes within the SUBDL  whegg, I bodlP® apd IP each have the form of
and SUPDL modules. The structural constraints are Egn. (1) and correspond to overall, body, and fin
included through the CNEVAL-FEMODS  module objectives and constraints, respectivgly. IP  includes
which employs automatic gridding and structural finite  objectives and constraints for up to two fin sections.
elements to compute displacements, stresses, fin weight,  Typically, objectives are formulated with respect to
and natural mode frequencies. aerodynamic performance variables, and constraints with

For aeroelastic design studies, subiterations between tﬁ%SpeCt to geometric variables.

aerodynamic and structural analysis module CNEVAL-ProgramOPTMIS2 has two methods for handling the
FEMODS™® are performed to ensure a consistent loathequality constraints specified. The first is in the
distribution and deformed fin shape. Initially, fin manner specified in Egn. (1), through a penalty within
displacements are calculated with the flat-fin (rigid) loadthe IP. The second is as a side constraint. If an initial
distribution. The fin displacements are used to define &asible design is specified, then the optimization
new fin shape for the aerodynamic load calculation, angrocedure will not allow a design change in a direction
the aerodynamic loads are recalculated. Firwhere an inequality constraint is violated. This is the
displacements are determined with the updated loadsjanner in which all structural constraints computed by
and this iterative process is continued until the changete CNEVAL-FEMODS® module are handled.

in displacements are less than a user-specified tolerance. Aerodynamic Modeling

Optimization Problem Formulation This section gives a brief summary of the body and fin

The OPTMIS design software minimizes an Index of  aerodynamic modeling methodologies used in the
Performance (cost function) which includes objectivesOPTMIS code. The NEAR nonlinear panel
equality constraints, and inequality constraints. Thisnethod-based missile aerodynamic prediction programs
formulation is an extension of the SequentialSUBDLM and SUPDE213 which include models of
Unconstrained Minimization Technique (SUMT) of body and fin shed vorticity at high angles of attack, as
Fiacco and McCormick® The SUMT formulation was well as nonlinear shock expansion and Newtonian
enhanced so that multiple objective functions andanalyses, were chosen as appropriate aerodynamic codes
multiple design point studies could be included. Thefor inclusion in the aerodynamic optimization tool.
following SUMT Index of Performance is employed: General descriptions of programs SUPDL and SUBDL

follow. The original SUBDL and SUPDL codes
IP(x,w) =X, [X.f, (x,m) /w,] +X,[h5(x) /w] (1) modeled axisymmetric bodies. The VTXCHN cite

X w /g (x)] has replaced the body model within SUBDL and

SUPDL and can model circular and noncircular cross

section bodies including those with chines. The
where the indices m, i, j, and k represent sums on th@erodynamic calculation proceeds stepwise as follows:
number of flow conditions, objectives, equality 1) VTXCHN computes the forebody loads including
constraints, and inequality constraints, respectively. Theortex shedding and tracking, 2) fin section loads are
constraint weights, w and ,w , are monotonicallycalculated including the effects of forebody vorticity, 3)
decreased during t#we optimization procedure. Theorticity shed from the forebody and the fin set is
inequality constraints,gxf add a large positive value to tracked aft including additional vortices shed from the
the IP if g &) approaches zero. If there are noafterbody, and 4) if a second fin set is present, steps 2
inequality constraints, the minimization problem beingand 3 are repeated. This procedure is depicted below.
solved is an unconstrained minimization of) fvhen
is large. As w decreases toward zero, the equality
constraints become important. This representation of the
Index of Performance is very versatile and allows single
and multiple point designs to be investigated.

In OPTMIS? the index of performance formulation
given by Egn. (1) is further divided into three terms
governing design objectives and constraints applicable
to the fin, body, and overall configuration. The complete

form of the IP is given by: VTXCHN Body Modeling Methodology

IP(x,w) =IP, ., (X, w,) +IP, . (X, W) The aerodynamic analysis of a body by VTXCHN,
+IP,, (x,w,) (2) including effects of vortex shedding, comprises
’ " conformal mapping, elements of linear and slender body
3
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theory, and nonlinear vortical modeling. The analysis  with all other constant u-velocity panels in the fin
proceeds from the nose to the base. Noncircular cross  section, contributions from free stream due to angle of
sections are transformed to corresponding circles in the  attack, body-induced effects (upwash), and vortical
mappedplane. As a result, an axisymmetric body isvakes from upstream fins and body flow separation.
created in the mapped space. If the actual body is  The constant u-velocity panels on the interference shell
axisymmetric, this step is omitted. The axisymmetric  only experience the mutual interaction with the constant
body is modeled by three-dimensional sources/sinks far-velocity panels on the fins and fin thickness effects.
linear volume effects and by two-dimensional doublets  Effects of fin thickness can be included by thickness
for linear upwash/sidewash effects. For subsonic flow  panels in the chordal plane of the fin. The strengths of
three-dimensional point sources/sinks are used, and ftie thickness panels are directly related to the local
supersonic flow three-dimensional line sources/sinks arthickness slopes. The strengths of all of the constant
used. At a cross section near the nose, velocity u-velocity panels in a fin section are obtained from a
components are computed at points on the transformed  solution of a set of simultaneous equations.

body and transformed back to the physical plane. ThEins can develop nonlinear leading- and side-edge

circumferential pressure distribution is determined in the . " o
Separation vorticity as the angle of attack is increased.

physw';al plane using the cqmpressmle Bernoullllf the side edge is long (similar in length to the root
equation. For smooth cross sectional contours, the cod

makes use of the Stratford separation criterion applie8 ord, for example), vorticity can be generated at angles

to the pressure distribution to determine the separatio?wlc attack as low as 5°. Along thelleadmg edge, vprtmty
can be generated at supersonic speeds provided the

points. If the cross seqtjon has.sharp corners or Chir]gading edge lies aft of the Mach cone emanating from
edges, vortices are positioned slightly off the body clos%*-he root leading edge (a subsonic leading edge). If this

to the corner or chine points in the crossflow plane. Th?s the case. the leadina-edae vortex ioins the side-edae
locations of the shed vortices are transformed to the ' g-edy : 9

manped plane. The strenaths of the shed vortices a}/ortex. The combined vortex gains strength and rises
bped p ) 9 Bhove the fin as shown in the sketch which follows.

related to the imposition of a stagnation condition at thq.hiS sketch shows how SUPDL models the path of the
contour corner or chine points in the mapped plane. The P

vortices are then tracked aft to the next cross section f:omblned leading- and side-edge vortex by locating it

the mapped plane. The procedure for the first Cros:'a?bove the fin plane at an angle equal to one-half of the

section is repeated. The pressure distribution calculate%Cal angle of attack (as seen by the fin).

at the second cross section in the physical plane
includes nonlinear effects of the vortices shed from the
first cross section. The resulting pressure distribution is
integrated to obtain the aerodynamic forces and
moments. Along the body, the vortical wake is

represented by a cloud of point vortices with known

strengths and positions.

Forebody Finned scction

Afterbody

Vortex feeding sheet
Supersonic Aerodynamic Prediction Method /
Machcone\//
SUPDL!213 is a panel method-based program which /
together with the VTXCHR* body module can analyze
an arbitrary cross section body with a maximum of two
fin sections in supersonic flow. Fins may have arbitrar . .
: he vortical phenomena along the leading- and
planform, be located off the major planes, and be. . .
. . Side-edges are accompanied by an augmentation to
attached at arbitrary angles to the body surface. The fins o : ,
i : : nprmal force which is nonlinear with angle of attack
are modeled by supersonic panels laid out in the chorda ) : ; o
’ - o een by the fin. This nonlinearity is modeled by
planes of the fins. In addition, a set of panels is laid ou ; . o .
. . Calculating the suction distribution along the leading and
in a shell around the body over the length of the fin_. . 1
. side edges. In accordance with an extersion of the
root chord to account for lift carry-over. The panel

method is based on the Woodward constant pressuF’eolhamus suction analoé?, the suction is converted to

panel solutiot® for modeling lift. In SUPDL this panel norma[ force_ I proportion to vortex I|ft.f_actors. The
: ; . esult is a distribution of nonlinear, additional normal
is designated the constant u-velocity panel because the : :
. : force along the leading and the side edge.

pressure on the panel is computed using the
compressible Bernoulli velocity/pressure relationship.  Another nonlinear effect is related to nonlinear
Each panel has a control point at which the flowcompressibility. For ] in excess of approximately 2.5,
tangency condition is applied. On the fin, the flow the fin leading edge shock may lie close to the surfaces

tangency boundary condition includes mutual interaction  (usually the lower surface) of the fin. This situation can
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also occur at low supersonic Mach numbers if the angle  patch is represented by two bending elements. However,
of attack is high. In either case, the fin loading since nonconforming elements do not reproduce the
prediction based on the constant u-velocity panegbroper symmetry properties for a rectangular or a square
method and the Bernoulli velocity/pressure relationship  planform, there is an option to model each patch with
is no longer adequate. As an option, the pressures actihgo pairs of elements which eliminates any

along chordwise strips can be calculated with nonlineaasymmetries. For all-movable fins, the control shaft is

shock expansion or Newtonian theories. A unique
feature is the option to include strip-on-strip interference
based on the linear constant u-velocity panel solution to
correct the flow angle used in either the shock
expansion or Newtonian pressure calculation methods.
Details can be found in References 17 and 19.

modeled with a beam in bending and a rod in torsion.
thmsverse shear effects are included, and both
elements are uniform. These elements are also described
in detail in Reference 22. There are three degrees of
freedom per structural node: two rotations in the plane
of the fin, plus a transverse displacement. For dynamic

problems, consistent inertia elements from Reference 22

Subsonic Aerodynamic Prediction Method
are used.

1 -
Program SUBDE" is a panel method-based prograng;tructural Constraint Evaluation. There are two

which together with the VTXCHH body module can options for displacement constraints. In the first option,

analyze an arbitrary cross section body with a maximum : .
. . . . up to 10 upper bounds and their associated node

of two fin sections in subsonic flow. The addressable o : )
mbers can be specified. Displacement ratios

geometries are the same as those described for SUP o )
. e : actual/allowable) are calculated at the specified nodes;
previously. The lifting surfaces and the portions of the g . .
f any ratio is greater than unity, the number of violated

body spanned by the lifting surfaces are modeled with,. . L
isplacement constraints is incremented, and the node
planar horseshoe vortex panels. The strengths of the

lifting surface singularities are obtained from a set opumber and displacement ratio are recorded. In the

. X . o second option, only a single upper bound for the
linear simultaneous equations based on satisfying the” " . .
- . maximum absolute value of any displacement is
flow tangency condition at a set of discrete aerodynamic ... . .
) : Specified. If this bound is exceeded, then the number of

control points. The horseshoe vortices on

the: . S .
. violated displacement constraints is set to unity, and the
interference shell around the body are used only tg : .
._node number and displacement ratio are recorded. For
model the carryover forces between the body and fin : .
e stress constraint, the maximum value of the von
(the body volume and angle-of-attack effects are . ) . :
. ] . ises bending stress is found. If this value exceeds the
obtained from the three-dimensional sources an oo ) )
allowable, the constraint-violation flag is set to unity

doublets ‘and conformal mapping procedure in th%md the associated node number and stress ratio are
VTXCHN module). The nonlinear vorticity effects

associated with fin edges described above for SUPD,’_ecorded_. Up to five Iowertb(_)und frequency constraints
. can be imposed by specifying the lower bounds and
are also modeled in SUBDL. . ) :
their mode numbers. A frequency constraint is
considered violated when the frequency for any

. . ) specified mode becomes less than its bound. The
For fin structural modeling, five parameters for the root . : .
number of violated constraints and the corresponding

and five parameters for the tip define the thICknes?"node numbers and frequency ratios are recorded. For

dlstr_lbutlons. The pargmeter_s for any mtermedlat_e[he weight constraint, the weight of the initial design is
section are defined by linear interpolation. The generic

section is a symmetric truncated double wedge Witl’?aVEd' The weight of each subsequent design is ratioed

finite thicknesses at the leading and trailing edges anté) this initial weight.
is illustrated in the sketch below.

Fin Structural Modeling

RESULTS

This section describes results including fin planform
design studies, wind tunnel tests, verification of
aerodynamic performance prediction, and aeroelastic fin
design. Additional design studies are described in
References 1, 2, and 3.

i
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Fin Planform Optimization Design Studies
The fin can be cantilevered at the root, or supported o

a shaft to represent an all-movable control surface. Bescrlptlons of two fin planform optimization designs

which were tested in the Lockheed-Martin High Speed
The fin is modeled with constant-thickness, triangulaWind Tunnel in Dallas, TX, are given below. For the fin
nonconforming bending elemerdts, with modifications designs tested in the wind tunnel, four (4) small span
to allow for anisotropf.1 The meshed fin is divided  fins, FIN1 - FIN4, with exposed span of 0.72 diameters,
into quadrilateral patches. In the simplest model, each  and two (2) large span fins, FIN5 and FING, with
5
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exposed span of 1.4 diameters were tested. FIN1 wasd fin axial center of pressurecy #c with are

the small span trapezoidal reference fin used to start trehownfor M_, = 0.5 and 2.0 and fob = 0° and 20°.
design optimization for FIN2, FIN3, and FIN4. FIN6 Experimental data are shown as open symbols. Predicted
was the large span trapezoidal reference fin used to stadsults fromOPTMIS are shown as solid symbols with
the design optimization for FIN5. The design studies fosolid lines, and results from the NASA OVERFLOW
FIN3 and FIN5 are described in this paper. FurtheNavier-Stokes solvéf (zero deflection only) are shown
details can be found in Reference 1. as solid symbols with dashed lines.

FIN3 and FIN5 were designed usir(gPTMIS2 to  The comparison of the measured and predicfgdsC  for
minimize the fin axial center-of-pressure travel fromd = 0° are in good agreemeior both Mach numbers.
subsonic to supersonic flow. The fin normal force base®@PTMIS slightly overpredicts (g at M = 2.0 and
on fin area was to be maintained. To achieve thisx = 20°. OVERFLOW slightly underpredicts,gg  at
objective, the ratio ¥, - Xpq g2 - &e1 | Was M, = 0.5 anda = 20°. The axial center-of-pressure
minimized. The subscript "2" refers to the supersonidocation is also predicted well for tlie= 0° conditons.
design flow condition, and the subscript "1" refers to theAll design studies have been performed at 0°. The
subsonic design flow condition. This design objectivepredicted aerodyamic results fod = 20° are not in as
also tends to give a flapy response with increasing figood an agreement with the experiment. Fgr M = 0.5,
normal force. The design flow conditions were: (M ,the OPTMISresults for G5 agree fairly well at low

a) = (0.5, 2°), (2.0, 15°). For the reference fins, the lowangles of attack but do not have the correct stall
M, humber, lowa design condition gave a center of behavior as angle of attack increases. The predicted
pressure forward on the fin, whereas the supersoniaxial center of pressure is forward of the experimental
Mach number, high angle-of-attack condition gave amesult for angles of attack above 10°. This is most likely
aft center-of-pressure location. The design objective wadue to inadequate modeling @PTMIS of the gap

to minimize this center-of-pressure travel. The desigmetween the deflected fin and the body which changes
variables were third-order Chebyshev polynomialshe fin loads near the root chord leading or trailing edge.
describing the leading- and trailing-edge shapes. Th€&he subsonic prediction module, SUBDL, currently
resulting geometries of FIN3 and FIN5 are shown inmodels the effects of deflection through the boundary
Figures 4 and 10, respectively. conditions and not through geometric deflection of the
fin. This accounts for both the overprediction of normal
force and the forward location of the center of pressure.
The fin planforms described above were tested in th&he deflected results for the supersonic Mach number,
Lockheed-Martin High Speed Wind Tunnel in Dallas,M_ = 2.0, show the opposite trend. The normal force is
TX, during the period March 3 - 8, 1997. Existing testunderpredicted in this case. The supersonic prediction
hardware consisting of a body with fin strain-gagemodule, SUPDL, does model deflection effects through
balances was utilized. The model consisted of a twogeometric deflection of the fin. However, the nonlinear
caliber tangent ogive nose and a cylindrical body 5.2low field (local Mach number and local dynamic
calibers long. A pair of fin balances were positioned 3.4ressure variations) present behind the nose bow shock
diameters aft of the nose tip. Figures 4, 6, and 10 depican be important when the fin is close to the nose. For
the fins described herein. All tests were conducted witlthis forward fin position, the flow field can vary
identical fins on the left and right balances to insuresignificantly circumferentially around the body. For
symmetry. The three-component outputs for the fins, (Jarge deflections this places the leading and trailing
normal force, (2) root-bending moment, and (3) hingeedges in different local flow fields. The local flow fields
moment, were the only model data collected. Theévehind the bow shocks close to the body surface can
internal structure of the body permitted mounting theonly be predicted well by Euler or Navier-Stokes flow
fins at deflection angles from -20° to +20° at 5°solvers. The panel method-based programs are not
intervals. The fin force, & , and moment datg, [ capable of predicting these local flow conditions.
and G, , were reduced to provide fin axial andHowever, corrections based on CFD calculations could
spanwise center-of- pressure locationg, Xz /¢ ande included. In spite of the above, the axial center of
Yco'S: respectively. The tests included Mach numbers gbressure is predicted well yPTMIS

0.5, 1.5, 2.0, and 3.0. The angle of attack range was
—-12° to 22°, and fin deflection angles of 0° and 20°
were tested. The predicted and measured performance of FIN3 is
shown in Figures 6 and 7,5 angdx g/c are shown
for M, = 0.5 and2.0 andd = 0 and 20° as a function
The predicted and measured aerodynamic performaned «. The results for FIN3 are similar to FIN1. The
of the small span reference fin FIN1 is shown incomparisons of the measured and predictgdcC  for
Figures 4 and 5. The variation of fin normal forgg-€

Wind Tunnel Test Description

Prediction Verification for Optimized FIN3

Prediction Verification for Reference FIN1

American Institute of Aeronautics and Astronautics



d = 0° are in good agreement for both Mach numbers.  predicted slightly aft of the experimental value for
However, OPTMIS slightly overpredicts the normal moderate angles of attack (unstalled), within 5% of c .
force ata = 20°. OVERFLOW results are shown for
M, = 2.0 and match the normal force well. The axialFIN5 was designed to have a reduced center-of-pressure
center-of-pressure location is also predicted well for théravel from subsonic to supersonic speeds. The design
d = 0° conditions, within 2% of ¢ . The predicted flow conditions were: (M ) = (0.5, 2°) and (2.0,
results ford = 20° are similar to those of FIN1 in terms 15°). Both fins have similar normal force characteristics.
of Cyrs- The predictions for axial center of pressure doThe optimized fin FIN5 delays stall and reaches a
not agree with experiment fér = 20°. The reasons for higher peak normal force than the reference fin at
the lack of agreement given above for FIN1 apply hersubsonic speeds. The axial center-of-pressure results for
also. M, = 0.5 and 2.0 indicate that FIN5 has reduced center-

. of-pressure travel from subsonic to supersonic speed up

Comparison of FINT and FIN3 to the onset of stall of the reference fin FING.

A detailed comparison of experimentgix r/c data for
reference FIN1 and optimized FIN3, along with
predicted results, are shown in Figure 8 for the desigAeroelastic design studies have been performed to
Mach numbers 0.5 and 2.0. Again, the design objectivenprove missile fin performance through beneficial
for FIN3 was to minimize axial center-of-pressure travelpassive deformations of the fin structure under
from subsonic to supersonic speeds. Measured arakrodynamic load. A description of the design and
predicted results for FIN3 (optimized) and FIN1testing of an aeroelastic fin structtfe  used to
(reference) are shown f@r = 0°. The axial center of demonstrate the potential of chordwise flexibility to
pressure is plotted as a function q§C  (based on basm®ntrol center-of-pressure location is described. This is
diameter). Predicted results are shown from thdollowed by a recent stuay aimed at using
OPTMIS code and the OVERFLO¥ code. The aeroelastically tailored composite fins.

experimental data, the results from ETMIS code, . S
,Jjn the earlier studﬂrzf an aeroelastic tailoring procedure

and the CFD results indicate that the optimized FIN was developed based on the SUPBI3 code and a
has less center-of-pressure travel from subsonic tQ

supersonic speeds and that the optimized fin has %ructural finite element code FEMOD. The design

. o o .~ procedure was successfully applied to a grooved
flatter axial center-of-pressure variation with increasin ; e . ; ;
. B luminum lifting surface resulting in grooves in

Cyr as compared to the reference fin. FeeC = 0. . : A

ssentially the spanwise direction. The grooved
FIN3 has 50% less center-of-pressure travel than FINL, " . - T

T dluminum trapezoidal fin is shown in Figure 11(a)c§

There is, in general, good agreement between the . .

- X and xp/c; are shown in Figure 11(b) and 11(c),
predictions and the experiment. FIN3 produces less ' : o .
respectively, for the flexible and rigid fins as a function
normal force than FIN1 for the same angle of attack _ e

' of a« for M, = 1.5, 2.5, and 3.5. Predictions are
due to the smaller fin area. However, the normal force

can be increased by a higher angle of attack or fir(%Ie5|gnated TAILOR in Figure 11. The design objective

deflection without adversely affecting center-of-pressuré’v as 1o shift tp & forwqrd t(.) the maximum possible
extent by varying the direction of the grooves. The
travel. . . -

design calculations indicated thatpx g/c  could be
Figure 9 compares the FIN1 and FIN3 axial center-ofshifted forward, without appreciable change Qe
pressure location for all four test Mach numbers and fowith grooves in a near spanwise direction. The
8 = 0° and 20°. The vertical axis{x ¢ for both experimental data shown in Figure 11 confirm this

graphs in Figure 6 spans 0.32. For supersonic Mactesult.

Aeroelastic Fin Design

variations of %p /¢, with eithes or & compared to the

fin axial center-of-pressure travel over a Mach number
reference FINL.

range of 1.2 to 2.5 for = 5°. The phnform shape was
Results for Optimized FIN5 and Reference FIN6 fixed and the fin was undeflected. The design variables
overning the fin structure are the fin thickness
q“%’arameters at the fin root and the fin tip, and the
principal stiffness axis orientatiofs, of the composite
fin lay-ups. A single orientation can be chosen, or the
fin can be modeled as composed of up to three different

agreement for both Mach numbeGPTMIS does not layup orientation regions: the leading edge area of the

predict the stall characteristics for the, M = 0.5 rowﬂn’.the middie portion O.f the fin, and the trailing edge
e : : . region. The configuration modeled and the design
condition. The axial center-of-pressure location is _=. . : . :
variables governing the aeroelastic design are shown in

The predicted and measured performance of the lar
span fins FIN5 and FIN6 are shown in Figure 1Q:£
and xp/G; are shown for M 6.5 and 2.0 fod = 0°
as a function of angle of attack. The comparisons of th
measired and predicted 5 fa¥ = 0° are in good

7
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Figure 12. Details of the structural modeling of the

conventional

circular body and unconventional

composite layup and structural properties can be foundoncircular body configurations can be designed and

in Reference 3. Structural displacement and stress
constraints ensure thatealistic fin structures are
considered during the optimization process.

To start the optimization, a constant thickness fin wa
specified. The thickness distribution of the optimized fin
is depicted in Figure 13. The principal structural axes
for this fin are, g = 2.7° for x/g;< % and B¢ = -
48.3° for x/g = %. The deformation of the fin
midplanes at i = 1.2 and 2.5 are shown in Figure 1
A large deformation of the fin at the root chord leading
edge is indicated. The normal force and axial center-o
pressure performance of the fin are shown in Table
and Figure 15. Figure 15 indicates that the optimize
flexible fin maintains the normal force of the rigid fin.
The space marching NEARZEBS results shown i
Figure 15 extends the normal force prediction to high™
Mach numbers. The reduced center-of-pressure travel
is indicated in Figure 15 for the aeroelastic fin.
NEARZEUS? predicts a similar forward shift of the
center of pressure for the flexible fin.

2.
Table 1.- Rigid and Optimized Flexible
Performance
M. o Chrs xcp/cR Axcp/cR
— 3.
Rigid
OPTMIS | 12 | 5° [ 0.208 | 036
13.8%
OPTMIS | 2.5 | 5° | 0.68 | 05 4
Opt.
OPTMIS | 12 | 5° | 0214 | 034 5.
6.10%
OPTMIS | 2.5 | 5° | 0.68 | 0.4
Optimized fin Ax ,/cg reduced 56% vs. Rigid
6.

The optimized fin has nearly the same normal force
characteristics of the rigid fin but the center-of-pressure
travel over the Mach number range is reduced 56%. 7.

CONCLUSIONS

An optimization-based design tool for missile fin and
configurations design and analysis has been developesl.
The design capabilities of the method for fin planform
optimization have been verified with CFD calculations
and with a wind tunnel test. Significant improvementsg,
to center-of-pressure travel, and hence hinge moments,
can be obtained through planform optimization. Initial
studies of aeroelastic fin structures indicate that
significant improvements to fin performance can bel0.
obtained through the use of flexible structures. The
speed and multidisciplinary capabilities of the method
make it an excellent tool for preliminary design. Both

8

analyzed.
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