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The nonlinear missile aerodynamic prediction methodMISDL has been enhanced and
applied to the prediction of the aerodynamic charateristics of missile and aircraft
configurations employing trailing-edge flaps and derons for control. Various configurations
have been investigated and compared with experimeaitdata. These configurations include low
aspect ratio missile fins and moderate aspect ratifins/wings typical of missiles, fighters and
combat UAVs. Speed regimes from subsonic through parsonic have been investigated.
Nonlinear effects of body-shed and fin trailing voticity and Mach number are included in the
analysis. The use of flaps for the control of weams systems and UAVs, as opposed to all
movable control surfaces, has increased in recentegrs, and engineering-level methods are
needed which can explicitly model and estimate pesfmance for design and trade studies and to
generate large databases for 6-DOF simulations.

Nomenclature
AR = aspect ratio (two fins joined at root)
C = rolling moment/gSslr
Cnm = pitching moment/ &xlg; positive nose up
Crst = pitching moment derivative with flap deflection
Cy = normal force/ gSg
Cne = fin normal force/ gSg
D = body diameter, maximum
L = body length
Ir,Lreg = reference length
O = freestream dynamic pressure
SrSker = reference area
Xcp = fin chordwise center of pressure, or overallfiguration axial center of pressure
Yep = fin spanwise center of pressure
XHL = fin hinge line loaction
Xme = moment center
a = angle of attack, deg
) = fin deflection angle
) = flap deflection angle
A = fin taper ratio
10} = roll angle, deg

I. Introduction

his paper discusses the enhancement and capatfilithe MISDL intermediate-level aerodynamics prediction

methods to estimate the aerodynamic characteristifigght vehicles with fins and wings employingatiing-edge
flaps. The benefits of the nonlinear panel-basethatkinclude the capability for initial design, diea studies, and
simulations. It is common when generating aerodyoatatabases for initial 6-DOF simulations that tluenber of data
points associated with flow conditions and consuiface deflections exceeds 10,000. Flow conditionkide Mach
number, Reynolds number, angle of attack, and ipid@l roll angle, and control surface deflectiomelude fin
deflection angles and/or a variety of flap deflenti. Computationally efficient methods to estimateodynamic are
important. TheMISDL method can analyze many flow conditions quickhatd the engineer in the preliminary design
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and conceptual stages to estimate loads for fightulations and for structural analysis, and tgpre for more costly
CFD runs and wind-tunnel tests. TMiSDL codé™ is a panel-method-based prediction method enhataedodel
missiles at high angles of attack including extemsvortex modelingMISDL can model conventional as well as
unconventional body shapes, fin planforms, andiitk arbitrary spanwise dihedral. The panelinghoetand has been
enhanced to better model configurations employiag ¢ontrol surfaces along any edge of the modédtety surfaces.

II. Technical Description

A. Description of MI SDL

The intermediate-level aerodynamic prediction co
MISDL'* is based on panel methods and classi
singularity methods enhanced with models f .,
nonlinear vortical effects. It predicts longitudirend
lateral-directional aerodynamic characteristis
including nonlinear Mach number and body and f{
vortex wake effectsMISDL can model noncircular ] ] )
body configurations and configurations  wit.. Figure 1. Calculation procedure and paneling layout
unconventional fin shapes. The body of the migsilmodeled with conformal mapping (if noncirculand by either
subsonic or supersonic sources/sinks and douldetgofume and angle of attack effects, respectivEhe fin sections
are modeled by a horseshoe-vortex panel methosufwsonic flow and by constant pressure panelsujpersonic flow.
Up to three fin sections can be modeled, and neatifin and body vortices are modeled. The bodtiaity is modeled
using theVTXCHN vortex-cloud method® The overall calculation proceeds as follows: 1§ fbrebody loads are
computed including effects of body vortex sheddamg tracking, 2) loads within the forward fin see &alculated
including the effects of forebody vorticity, 3) therticity shed from the forebody and the forwaird et is included as
an initial condition in th&/ TXCHN module which tracks and models additional vortiglesd from the afterbody, and 4)
if second or third fin sets are present, stepsd23are repeated. A schematic of the calculatiocgnture and paneling
layouts is shown in Fig. 1.

Recent enhancements have included: additional mptfor specification of shed vortex properties écaize),
improved modeling of deflected fin shed vorticibgtter modeling of lifting surfaces with flaps, ieasing the number
of circumferential body panels within a fin sectimnbetter capture mutual fin-body carryover forcasd the option to
extend the fin section body panels both forward aftdf the fin leading- and trailing-edges to betinodel the fin
loading carryover.

The range of parameters of thikSDL code includes Mach numbers from 0.0 to 3.0 withaalified shock-expansion
capability to higher supersonic speeds, anglegtatlaup to 20, arbitrary roll angles, and rotational rate effedtor
bodies alone, the angle of attack range limit edse®¥. Fins can have arbitrary planform shape and spandihedral
including modeling of wrap-around and folded finén empirical stall model is included for modelifigs at high
angles of attack. A version ®filSDL employing an optimizer was used to design uncotiweal fin planforms for
several design objectives including minimizationfinfhinge moments and maximization of normal fotdgg. 2 is an
illustrative prediction for a circular ogive-cylied body at high angle of attack. The predicted saness distribution and
body shed vortex wake are depicted. The body vatexiding and tracking of individual vortices of tortex “cloud”
are colored in proportion to their individual stgéims. The crossflow velocity vectors and the lowssure region below
the vortices on the lee-side of the body show theng influence of the body shed vorticity on bdtke local flow field
and surface pressures.

A M_ =03, a=30.0° Crossflow Velocity
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Body-Shed
Vortex Wake
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Interference Shell Panels

Separation Line Vortex-Induced, ||/
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Figure 2. Example prediction of body-alone at higtangle of attack. Figure 3. Three fin-set predictn.
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Fig. 3 depicts predicted results for a three-fact®n missile at high angle of attack. The presticpressure
coefficient is plotted on the body surface andltzaling pressure\Cy, is shown for the fins. Vortices are illustrated b
symbols which are colored and sized in proportiorihie vortex strength. The details of the flow d®lpredicted are
useful for understanding the character of the faigh angles of attack.

To model flaps in MISDL, input parameters are ideffl which control the specification of flap geones and
panel distributions over the main fin and the fbemels. The deflection of the flaps is handled wnithe flow conditions
input file making it easy to specify a rangle ofldetions and to generate large aerodynamic da¢sbfas simulations
and design. Fig. 4 illustrates the representatfansimple trailing-edge flap and a more complergwvith leading- and
trailing-edge flaps, and outboard trailing edgesraihs. Currently, the flap modeling is for simplaps; slotted and
multiple segment flaps are not modeled explicitly.

Complex Leading- and Trailing-Edge Flaps

NPFIN=7
N=1 2 3 4 5 6 7

ILEFL (2,3, 4)=1
LE Flap #1

Simple Trailing-Edge Flap

ILEFL(5,6,7)=0
Not a flap

x NPFIN=2
YFIN(1) = 0.
XLEFIN(1)= 0.
XTEFIN(1)= 2.
XLEFLP (1)= 0.
XTEFLP (1)= 0

YFIN(2)
XLEFIN (2
XTEFIN (2
XLEFLP (2
2
)
)

mwococoo

XTEFLP (

ILEFL({1) = 0, ILEFL(2 —
ITEFL(1) = 0, ITEFL (2 ITEFL(6)=2 ITEFL(7)=0
) ITEFL(2,3)=1 ITEFL (4, 5)=0 TE Flap #2 Not a flap
E L t - ; L TE Flap #1 Not a flap
) Ty Flap deflection angles set in Unit 29 flow conditions file

Figure 4. Modeling of a simple trailing-edge flap.

Within the methodology employed in the subsonid aapersonic panel methods, the panel deflectiamsbe
handled in two ways. The first incorporates the gbaseflections as additional local camber withire thoundary
conditions formulated to solve for the panels gtes. The second method geometrically deflectgptireels about the
flap hinge line. The second option is a recenttamdio the methodology and is currently under gaadditional testing.
All results present in this paper utilize the “cagritoption unless otherwise stated.

lll. Results

This section presents longitudinal and lateragctional aerodynamic predictions for several camfigions
employing flaps for control. These range from lowv ligh aspect ratio fins/wings, and speeds fromsanic to
supersonic.

NACA RM A53C20’ — diamond-wing with full span flap

The body diamond-wing configuration shown in Figwvas NACA RM A53C20 l:_
investigated. The wing aspect ratio is 2, and therd length of .
the full span elevons is % the local chord. The gwairfolil
sections are NACA 63-0005. For the MISDL calculatipthe
body of Ref. 7 was approximated as an ogive-cylin&esults PR
are presented for a Mach number of 0.24.The lowhvagmber
eliminates any compressibility effects. Resultsenvabtained for
flap deflections of -20, -15, -10, -5, 0, 5, and°.2Fig. 6
compares measured and predicted lift and pitchirgment
characterstics utilizing the recommended input esldor the
wing including empirical values for the conversiofh“suction
forces” to normal force using the Polhamus suctimlogy? Figure 5. NACA RM A53C20 diamond wing/flap.
and for the empirical wing stall model.

The predicted results in Fig. 6 agree well with g&xperiment for angles on attack below 10° andléqpr deflection
up to 10°. For zero flap deflection, the MISDL piibn, with default settings for its empirical Btanodel, has the lift
curve slope reducing above 12° angle of attack.
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Figure 6. MISDL prediction using standard wing stal model.

Because the results indicate that MISDL is predictan early stall for this diamond wing, the secttgtall model’s
maximum lift, G, Was increased by adjusting a user input varitbleetter match the experiment. In addition, flaps
increase the maximum lift coefficient that is aclei@ by the airfoil section of the wing. The compams in Fig. 7
indicate much better agreement at the higher angles
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Figure 7. Prediction with increased maximum sectiofift.

The largest differences between the measured adicped results occur at the largest flap deflectogles. This is
expected due to the potential for flow separatind bwer loads. MISDL is a potential method anchds capable of
explicitly predicting effects of flow separationused by large flap deflections. For large flap elefbn angles, USAF
DATCOM?® (Fig. 4.1.1-40) contains an empirical factor, k' R, used to adjust the flap deflection angle. Blakd a
Burns® utilized the methodology of USAF DATCOM when adglia trailing-edge flap modeling capability to Missi
DATCOM. The K factor is a function of the flap deflection angled the ratio of the flap chord to the airfoil cothoF;
=f(c/c, 6r). Results utilizing an effective flap deflectionghe based on the correction factor of Fig. 4.240Tof Ref. 9
are shown in Fig. 8. Only the 15 and 20° flap d#ften conditions are affected. Fay = 20° the correction results in an
effective flap deflection of 17° (/= 0.85), which brings both the +20 and -20° deftecresult into agreement with the
experiment. Fobg = 15°, the correction is smaller and less improaenis seen.
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Figure 8. Prediction including empirical correctionfor large flap deflection angle.
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NACA RM A52D01c - delta wing with full-span constant-percent-chordflap

The body delta-wing configuration shown in Figw8s investigated.
The wing aspect ratio is 2 with a leading-edge gnefe63°. The chord
length of the full span flap is ¥ of the local athoiThe wing airfoil
sections are NACA 63-0005. For the MISDL calculatipthe body was P
approximated as an ogive-cylinder. The flap effesiess is presented as\
a function of Mach number and flap deflection anglé&ig. 10. Because
the flap deflection is modeled through equivalesnber, the deflection
angle must be input in the streamwise/chordwisection rather than as
a rotation about a swept hinge line indicated ig. Bi. The streamwise
flap deflection is given by: | Figure 9. NACA RM A52D01c delta wing/flap.

6|: = tan (tarﬁHLCOSAHL)

In addition, for subsonic Mach numbers @rd 10°, the Fcorrection of USAF DATCOM (Fig. 4.1.1-40) is applied as
described above.

Flap effectiveness results @t 0° were obtained fdir corresponding téy. angles of +5, 0, -2.5, -5, -10, -15, -20,
and -25°. The flap effectiveness at supersonic dgpée predicted very well. At subsonic speeds,dffectiveness is
estimated well up to 10° flap deflection. Above fi&)3 deflection, and for the transonic Mach numbr€.8 and 0.9,
the predictions overestimate the effectivenest@filiap. This is seen in the lift coefficient. Adr, = 0.6, the predictions
are in agreement with the experiment for deflediofi -15 and -20 but have the wrong trend with éasing Mach
number. Deflection of flaps at transonic speedsrofiesults in shocks on the suction surface adldleaccelerates.
These effects require additional investigation.
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Figure 10. Delta wing full-span constant-percent-abrd flap effectiveness.

NASA TM X-2367*2 — low aspect ratio fin at supersonic speeds

The body-fin configurations of NASA TM X-2367 is@hn in
Fig. 11. The body consists of a 2.67 caliber bldmtene-ogive
nose combination followed by a six-caliber cylind€he fin has a
root chord of 4.33 calibers, an exposed span & dabbers, and a
leading edge sweep of 72.9 degs. The fin aspeict f&o fins
joined at the root) is 1.23. The flap chord is 7.G8the root chord ™
and extends from the body a length of one diamé&igs. 12 and
13 show overall normal force and pitching momengfficients t
for Mach 1.50 and 1.90, respectively. Results &i@vs for the
body alone and the body-fin combination with 0.@ a0 deg.
deflection of the flaps. In general, the predictetd measured Figure 11. Body-wing, NASA TM X-2367.
results are in good agreement for low and modeaatges of
attack. The measured and predicted flap effects®derivative at zero degrees angle of atttacléiameh numbers from
1.50 to 4.63 are plotted in Fig. 14.
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Figure 14 Flap deflection effectiveness derivativeaer deg.

Tailless Fighter, AIAA 93-4000° and WL-TR-92-3111
Some results presented in AIAA 93-46bdor the
subsonic tailless fighter configuration of WL-TR-921*
have been investigated with th®IISDL code. This
configuration was tested with trailing-edge flapsd awith
all-movable wing tips. Fig. 15 depicts the configfimn with
all-movable tips modeled with geometric deflectioims
MISDL. Fig. 16 compares measured and predicted res
for three roll control deflections left/right: +1%5, 0/-30,
and -15/-45. ThMISDL estimates are based on the stand:
MISDL model with the empirical wing sectional lift stal
model. Because the wing tip control surfaces aré¢
analogsis to trailing-edge flaps, no additional letdfon
effectiveness parameters are used. The prelimmeanjts in ~ Figure 15. Tailless fighter with movable wing tips.
Fig. 16 indicates that thRllSDL model estimates the +15/-
15 roll control geometrically deflected the winggi The trend of the 0/-30 and -15/-45 controlpridicted, but the

Delta Wing Configuration

Bpp = +15/-15
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maximum roll is higher and at a larger angle o&citt These are very large deflection angles, aarkfore, the results
depend on the empirical sectional lift stall mooleMISDL. This stall model was developed for correctindoditift
curve properties for wings, but may not be fullpkgable to configuations such as the all-movabiegvwips where gap
effects and flow separation have strong influenGagturing some of the trends is encouraging. Ttebanderstand the
rolling moment characteristics, Fig. 17 plots tloeral forces on the right and left wings of the foguration. The red
curve corresponds to zero wing tip deflection. Phedicted rolling moment characteristics shown ig. B6 are the
result of differences in the forces on left anchtigiings with the primary differences in loadingiag on the deflected
tips. The three deflection sets in Fig. 17 corresptm the three curves in Fig. 16. The middle cw¥&ig. 17 depicts
dmp = 0/-30 results and correspond to the green cumf&g. 16. The characteristics of the rolling marharise from
subtle differences in the wing loadings. For +15/d&flections, both wings are completely stallethathighest angle of
attack resulting in a near zero rolling moment.filidher illustrate the wing loading and resultirgling moment, Fig.
18 show the span load distribution for three floanditions: 1)a = 15° &1 = 0/0; 2)a = 0°, é1p = +15/-15, and
3) o = 15°,8p = +15/-15. Thex = 15°,87p = 0/0 configuration does not produce a net rollimgment and is used a a
reference for the = 15°,61p = +15/-15. For both of these conditions, the staldel is engaged. The -15° deflection on
the right wing unloads the tip and this effect iemrover to the inboard wing. The left wing at +1idicates that the
wing tip is stalled; the loading is nearly the samsethe undeflected wing result. And, the 0°,61p = +15/-15 results
show the characteristics of the span load distidbutvhich includes only the tip deflection effect.

0.04 T
0.03| .
0.02[ .
0.01} .
[S 70 1
oF— :
o O 5, =515 ]
0.01 O b= 030 ]
O 8, =-15145 ]

b ————— &, = #1515 ]
0.02 om0 ]
¥ o = -15745 ]
_0_03".‘@.."|H..|H..|...‘|..H’

-5 0 5 10 15 20 25
ol

Figure 16. All movable wing-tip roll control.
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Figure 17. Predicted right and left wing normal force with deflected tips.
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V. Conclusion

MISDL is an engineering method suitable for creatingdaseroynamic databases for conceptual and prelignin
design. This paper presents an initial investigatbthe ability of the prediction code to estim#ie aerodynamics of
configuration employing trailing-edge flaps for ¢tai. The methodology employed predicts flap effemtess for
preliminary design and analysis efficiently. Thareat study indicated that thdISDL flap modeling benefits from
empirical correction factors for flap deflectionoale 10°. The correlation factor in USAF DATCOM pides a means
for this and will be include in the methodology.dddition, high-fidelity results from wind tunnedsts and/or CFD, at
specific flow conditions, can be used to developexions toMISDL generated databases through data fusion methods.
Modeling of geometrically deflected flaps, rathéan through the camber distribution, is also beimgestigated.
Fundamentally, the geometric deflection is prefériwut practically, issues arise in the panel smtutiue to panel-on-
panel influences, especially for panels next totibdy. In addition, future work will investigatedividual flap forces
and hinge moments about the flap hinge line.
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