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Studies of vortex-induced aerodynamic nonlinearitie associated with body and fin vortices
for missile configurations have been performed. Agart of this effort, the vortex and fin
modeling methodologies in the engineering-level anidtermediate-level aerodynamic predictions
codesMISL3 and MISDL have been reviewed and improved. The ability of #& methods to
predict detailed fin loads in the presence of extaal vortices is demonstrated. Both codes have
been used extensively to predict missile performaecincluding canard/wing vortex induced
effects on tail fins. These effects often manifeshemselves in pitching moments and most
dramatically in induced rolling moments on tail fins which counter, and often times reverse, the
direct roll control of canard fins. Both codes haveshown the capability to capture these vortex-
induced phenomena. For validation purposes, the miebds were compared to detailed vortex-fin
interaction studies, performed at Sandia National lAboratories, which measured fin loads
influenced by a vortex generated by an upstream fin

Nomenclature
AR = aspect ratio (two fins joined at root)
C = rolling moment/gSklr
Cn = pitching moment/ gglR; positive nose up
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 or angle of attack for &lone, deg
A = fin taper ratio
10) = roll angle, deg

I. Introduction

Astudy was performed to further assess vortex andnfodeling methodologies in the engineering-levedl a
intermediate-level aerodynamic prediction codékSL3"® and MISDL'?*% respectively. Details of the vortex
modeling and tracking methodology employed are rilesd¢ by Mendenhafi.Results include both overall aerodynamic
characteristics of configurations with upstreamtices affecting downstream fin sets, and the ahdftthe methods to
predict detailed fins loads in the presence ofreevortices.

The MISL3 and MISDL codes have been used extensively to predict miggformance including canard/wing
vortex induced effects on tail fins. These effemts seen most dramatically in induced rolling mormem tail fins

which counter, and often times reverse, the diredt control of canard fins. Both codes have demmated the
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capability to capture this roll-reversal phenomesawell as other induced effects. Ref. 1 detailgexoinduced
nonlinear aerodynamic characteristics, both lomljital and lateral-directional, of missiles emplayitandem-control
surface$ (combined canard and tail deflections) and cacardrol missiles with fixed and free-to-rotate tiils ®° The

study of McDani€f’ is a comprehensive investigation of the effedhiffin properties on the induced roll charactécis
of a canard control missile and provides greafgimisinto canard vortex tail interactions. Experinamata of Blaif*

and theMISL3 code were used in the study.

The current investigation includes additional gses of complete missile configurations, and ailbetatudy of fin
forces and moments in the presence of externaicesttThe vortex-fin interaction studies of Ber&sprovide detailed
fin loads including induced effects from a vorteengrated by an upstream fin for different deflecmgles. These data
are used for further validation. The experimengalits include fin normal force, bending moment] hinge moments.
In addition, detailed PIV flow fields were measured

II. Technical Description

The benefit of engineering- and intermediate-leaealodynamic prediction methods is the computatieffatiency
needed for initial design studies, trade studies, generation of large simulation databases. trritical for missile
analysis and design tools to include important imear effects associated with large Mach numbegearand high
angles of attack. BotMISL3 and MISDL model these nonlinearities and can analyze manw €onditions quickly to
aid the engineer in the preliminary design stagedtimate loads for flight simulations and for stural analysis.
Moreover, these tools help the engineer preparenfe costly CFD runs and wind-tunnel tests. THieidng sections
summarize the methodologies in the two predicti@hods and recent enhancements.

A. Description of MISL3

The engineering-level aerodynamic prediction co
MISL3"® has been developed for aerodynamr
performance prediction and for preliminary design
conventional missiles. The method uses the Trisery
fin-on-body force and moment data bas¥. The
prediction methodology employed covers a Ma
number range from 0.5 to 5.0, fin aspect ratiosnfrc
0.25 to 10.0, angles of attack to°9Carbitrary roll
angles, and deflection angles from 4@ 4C. The
method uses the equivalent angle of attack conci
which includes the effects of vorticity and georieetr
scaling. Ref. 3 provides more details regarding t
methodology employed and presents comparisons
experimental data for a wide variety of configuras.
Fig. 1 depicts the fin and body vortex modeling éor
canard-tail configuration.

B. Description of M1 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  step2
lateral-directional aerodynamic characteristic
including nonlinear Mach number, body and fin varte
wake effects.MISDL can model noncircular body
configurations and configurations with unconvendibn
fin shapes. The body of the missile is modeledgqus Figure 2. MISDL calculation procedure and paneling.
conformal mapping (if noncircular), and either sufis or supersonic sources/sinks and doubletsdhmve and angle
of attack effects, respectively. The fin sectiorns modeled by a horseshoe-vortex panel methodutmsaic flow, and
by constant pressure panels for supersonic flowtdJfhree fin sections can be modeled, and nonlifiraand body
vortices are included. THE&TXCHN methodology, a vortex-cloud methdi used to represent body shed vorticity. The
overall calculation proceeds as follows: 1) theefmdy loads are computed, including the effectoady vortex
shedding and tracking, 2) loads within the forwfindset are calculated, including the effects akfndy vorticity, 3)

Forehody

Interference Shell Panels
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the vorticity shed from the forebody and the foravéin set is included as an initial condition iretfTXCHN module
which tracks and models additional vortices shethfthe afterbody, and 4) if second or third firssate present, steps 2
and 3 are repeated. A schematic of the calculatigps and paneling layouts is shown in Fig. 2.

Recent enhancements MISDL have included additional options for specificatiminshed vortex properties (core
size), improved deflected fin shed vorticity, betteodeling of lifting surfaces with flaps, increagithe number of
circumferential body panels within a fin sectionltetter capture mutual fin-body carryover forcaz] ¢he option to
extend the fin section body panels both forward afiaf the fin leading- and trailing-edges to ease the fidelity of
fin-body 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 edsetd. Fins can have arbitrary planform shape and sgandihedral,
including wrap-around and folded fifig\n empirical stall model is included for fins dgh angles of attack. A version
of MISDL employing an optimizer has also previously beeedu® design unconventional fin planforms for saler
design objectives, such as minimization of fin imgoments and maximization of normal force.

Fig. 3 is an illustrative prediction for a circulagive-cylinder body at high angle of attack. Thredicted pressure
distribution and body shed vortex wake are showre Body vortex shedding and tracking of individuaitices of the
vortex “cloud” are colored in proportion to theimdividual strengths. The crossflow velocity vectensd the low
pressure region below the vortices on the lee-sfdfie body show the strong influence of the bolgdsvorticity on
both the local flow field and surface pressures.

| M, =0.3, o= 30.0° Crossflow Velocity
7 J |

Body-Shed
Vortex Wake

Figure 3. Example prediction of body-alone at higlangle of attack. Figure 4. Three fin-set prediction.

Fig. 4 shows predicted results for a three finisecmissile at high angle of attack. The predigbeslssure coefficient is
plotted on the body surface, while the loading gues,ACp, is shown for the fins. The location of vorticesindicated

by spherical symbols which are colored and sizegroportion to the vortex strength. The detailsted flow fields

predicted are useful for understanding the charactd interference effects of the flow at high asghf attack.

IIl. Results

This section presents predicted and measuredsdsulseveral configurations which include straagtex induced
effects. The first set of results compakékS_3 andMISDL predictions with the detailed fin vortex interactistudy of
Beresh'? This is an important study because it measuretbéids in the presence of a well-defined vortexdshem an
upstream fin. The measurement of fin forces and emimand PIV flow fields aids the analysis. In #ddi to the
detailed fin loads study, the tandem control arddt and rolling-tail configurations from Ref. learevisited because of
recent code enhancements and the investigatiodditi@enal data contained in Refs. 7-9.

A. Fin Interaction with a Trailing Vortex fin balance — -
The MISL3 andMISDL methods were employed to simulai ‘
the experimental setup in Ref. 12 which includedtrgam and
downstream fins mounted on the wall of the Sandralwunnel.
The experimental setup is shown in Fig. 5. Botls faould be  wind-tunnel wall
deflected, and the upstream fin was used to gemematicity to
influence the downstream fin. To model this finxwall setup
with MISL3, the configuration was approximated by placing t
fins on a very large diameter body. This is the esapproach
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used in Ref. 12 for obtaining Missile DATCOM resulFig. 6 compares the predicted and measureadids| without
the upstream fin or vortex present. The figure shtive effect of Mach number on (from left to rigtite fin normal
force, bending moment, and hinge moment as a famaf fin deflection angle (angle of attack). IrgF6, the symbols
represent the experimental data, while the linpsesentVISL3 predictions. The normal force and bending momeat a
predicted well, including the small Mach numberiaton trend. The hinge moment is not predictedlwss the fin
center of pressure was investigated. The spanwideclordwise center of pressures, computed usidirthforce and
moments, are shown in Fig. 7. For significant logdihigher angles), the difference between the mredsand predicted
spanwise and chordwise centers of pressure isttess 5% of the fin span and root chord, respectivEhe hinge
moment, and thus the axial center of pressurégisrtost sensitive parameter and this is discussttkinext section of
the paper.
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Figure 7. Measured andMI SL3-predicted center of pressure (inches).

Fig. 8 depicts the measured avidSL3-predicted downstream fin loads as a function ofléiection angle with the
upstream fin at deflection angles from -5 to 10rdeg. (Fig. 5 of Bere$}). The variation in shed vortex strength with
increasing deflection results in flow-induced loeadgles of attack and modified loads on the dowastr fin. The
normal force and bending moment, which includeitiseiced effects from the upstream fin vortex, aensto compare
well with the experimental data. Like the single fesults, Fig. 7, the predict hinge moment argdam magnitude than
the experiment. These are addressed in the foipa@ction.
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Figure 8. MISL3 predicted loads with vortex influence from upstrean fin, M, = 0.8.

With MISDL, there are several means to approximate the finahsetup of the experiment. These include the
modeling of a larger diameter body approach, asllifL3, adding to the fins of interest additional largertical fins
which approximate the wall, or alternatively modglithe fins as wings alone (two fins joined at tbet chord), which
is equivalent to a symmetry plane for inviscid flodl approaches should be capable of achievinglaimesults in
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principle, but modeling the large diameter bodgrisblematic, due to body paneling resolution issuiés respect to the
fins. The two other approaches, modeling of thevib® as vertical fins (not shown), and the wingre approach, were
found to achieve similar results.

Figs. 9 and 10 compaid| SDL-predicted and measured fin forces, moments, antee of pressure utilizing the
wing-alone approach. The results are similar to NH&L3 predictions. The normal force and bending momenés
predicted well, and the centers of pressure agideaxperiment, to within 5% of the span and rdobrd length. The
hinge moments are over predicted, similakii&L3.
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Figure 9. MI SDL-predicted fin-alone loads.
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Figure 10. Measured andVi1 SDL-predicted center of pressure (inches).

The measured anllll SDL-predicted downstream fin loads in the presencthefupstream fin deflected at angles
from -5 to 10 degrees are shown in Fig. 11. Wh&DL-predicted normal force and bending moment, whidtuide the
induced effects from the upstream fin vortex, corapaell to the experimental data. A detailed disos of the hinge
moments follows in the next section.
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Figure 11. MISDL predicted loads with vortex influence from upstream fin, M,, = 0.8.

B. Transonic Hinge Moments

The ranges for the predicted hinge moment caladilée MISL3 and MISDL are larger than indicated by the
experimental data. This is due to differences ipspts between the experiment and ki&L3 andMISDL modeling. In
the experiment, the reality is that the flow pdm thounting wall and the fin develops a viscousnigauy layer. The
Triservice fin-on-body databa$eused byMISL3 includes viscous effects, but they are for a senafiameter body
which curves away from the finBMISDL is an inviscid panel-method based prediction d@inds, does not account for
any boundary layer effects.

Another consideration is that for subsonic anddoaic flow conditions the hinge moments are serssitd the fin
thickness profiles. A primary difference betweea ffriservice fins and the Sandia fin is their tinieks profile, which
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can have a stronger effect on the hinge momenal(agnter of pressure) than on either the nornrakfor the bending
moment. The Triservice fins have double-wedge thésis profiles? The Sandia fin has a wedge leading-edge for the
first 30% of chord, followed by a constant thickmgsofile for the remainder of the chdfdFor the Mach numbers
tested (0.5, 0.6, 0.7, and 0.8), the hinge mon®stnsitive to the thickness profile. An additiofialon-splitter plate
data set® has a fin with the exact dimensions as the S8 inch root chord, 1.5 inch tip chord, and inbh span.
Its thickness profile is a modified double wedg& (Wwedge, flat section, TE wedge). The geometriethefSandiad?
MISL3 (Triservice — between fins F42 and F53}3'“and NASA fins®® are shown in Fig. 12. Fig. 13 compares the
experimental results (Triservice is from MISL3 iraplentation) for fin normal force, bending momenmid éhinge
moment for all three fins at different deflectiongées. The hinge moment is seen to be the parartteelis most
sensitive to the fin geometry variations. Note ttiet Triservica¥l SL3 results shown in Fig. 13 are are not “measured”
data from the Triservice database. InsteadVi®L3, the Triservice fin-on-body data are processeddoelate fin
centers of pressure with fin normal force, etc.d dme correlations are used within the equivalergle of attack
methodology to predict loads.

4

Figure 12. Comparison of fin thickness profiles, Sadia,*? Triservice, X >*3**NASA.»®
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Figure 13. Fin thickness distribution effect on finloads at M,, = 0.6.

Fig. 14 depicts the fin spanwise and chordwise erandf pressure for the three fins. The Triserndod NASA fins
exhibit centers of pressure forward of the SanidiaTthe computed centers of pressure from the NAiSAlata from -3
to 0° angle of attack are sensitive to the smallnfbormal forces that were measured. Note that thasored data for
negative and positive angles of attack are not systnic as would be expected. For this data (NASAo0-3®°), the
computed center of pressure is off the fin.
15¢ 3r

HL

Vw

05F

S, = fin planform area S = fin planform area

0 5 0

1] 5 1] 5

& {deg) & [deg)
Figure 14. Fin thickness distribution effect on fincenter of pressure (inches) at M= 0.6.

The effect of the thickness profile on the hingenmeats was also investigated with a preliminary Gfidy using

the CART3D Euler solvef. The three fins in Fig. 12 were meshed, and loaeiewomputed with CART3D after the
residuals converge by three orders of magnitude.r€bults are shown in Fig. 15. Once again, thgehinoment is the
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parameter exhibiting the largest amount of variatidote, however, that the CART3D Euler solutionisthe three fins
are in fairly close agreement with one anothersThiggests that further analysis using a viscoud g#ution may be
required to clarify the role of the wind tunnel Indlary layer with respect to the observed differerinehinge moments.
For subsonic Mach numbers, the force generatedlifting surface is located forward, toward thede®y edge. Thus, a
reduction in fin force along the root chord duethie wall boundary layer is consistent with an ativement of the
center of pressure.
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Figure 15. CART3D predicted results for the threeifh thickness profiles.

C. Tandem Control Missile Model

The Tandem-Control data presented in this sectene
obtained from tests conducted in the NASA/LaRC bhyitPlan
Wind Tunnel at freestream Mach numbers ranging ftbi@b
to 2.86"® The test objective was to provide an aerodynar
database to study and evaluate tandem controltieeess. The
model consists of a 3-caliber ogive nose followed &b 12-
caliber cylinder with cruciform inline canards aaft tail fins.
Tests were performed on two models. Both modelsthadame
canard fins, AR = 1.6 anil= 0.625 (designated C4). Two tali
fin geometries were tested: 1) tail fins identitwathe canard fins
(designated T4), and 2) larger span tail fins (datgid T3). The
model shown in Fig. 16 has the larger span tad,filkR = 2.33
and A = 0.625. Model aerodynamic forces and moments w
measured with an internally mounted six-compongairsgage
balance. To assure turbulent flow over the modkteats were
performed with boundary-layer transition stripsdtsd on the
model nose and near the leading edges of the Tihs. test
Reynolds number, based on body diameter, was 4®83x1 Figure 16. Tandem control wind tunnel model.

Fig. 17 compares the wind-tunnel measurementscétetl by round symbols) to thélSL3 andMISDL predicted
aerodynamic characteristics of the B1T4C4 confitjonaat a roll angle of 45° - the “X” flying configation. Results are
shown for zero canard deflectiod; = 0°, and for the canards deflected +5° to prodmgeositive pitching moment.
Comparisons are made of normal force, pitching nmamend center of pressure. The experiment 45° condition
exhibits several minor nonlinearities in the norrfaice, which are especially apparent in the pitghmoment and
computed axial center of pressure (in diameters frioment center). This is due to body and canartices interacting
with the lower and upper tails fins at differengbes of attack. Nonlinear behavior is seen ovemthele angle of attack
range with more dramatic effects at angles arouhér@ in the range from 8-14° The axial center afspure is
predicted to within a body radius over the anglattdck range.
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Figure 17. Configuration B1T4C4 normal force, pitching moment, and center of pressure
with canard pitch deflections of 0° and +5°, M = 1.75,p = 45°.

To better understand the pitching moment chariaties, individual fins loads predicted B SL3 andMISDL are
shown in Fig. 18MISL3 results are in the upper graphs afidBDL in the lower ones. In addition, th& SDL-predicted
crossflow velocity fields at the tail leading edye shown in Fig 19 for angles of attack of 2,1&] 44 degrees. The two
left graphs of Fig. 18 show the predicted canand foads. The windward side canards loads indicaiye loaded fins
without any vortex influence or fin stall effechis$ is as expected. For the leeward side fMikSL3 indicates a large
unloading effect; by contrasMISDL only shows a slight unloading at the higher angliesattack. MISL3 uses an
empirical forebody vortex model and may includesoiow phenomena contained within the Triservigedn-body
databaseMISDL predicts forebody separation and vortex strengésed on th& TXCHN approach. The differences are
still being examined. The middle set of graphs amst the predicted fin loads for the windward faik, and the right
graphs of Fig. 18 show the predicted loads on ¢eevard tail fins. The green curves are the taildexds without the
canard fins modeled (body-tail), but with body warshedding modeled. Both thg= 0° anddc = +5° results indicate
vortex induced loads on the windward tail fins. 3teffects are evident for angles of attack beldwT8is is also
evident in the velocity fields shown in Fig. 19.rkg = +5° and angles of attack below 4° all of thé fims have a
negative normal force (canard vortex induced) whigtults in enhanced positive nose up pitching nmasyes seen in
Fig. 17. Aboveo = 8°, the canard shed vortices track upward famugh that the windward fins begin to recover and
approach the no-canard results. By comparisonlenard tail fins are susceptible to induced carsard body shed
vortex effects over the whole angle of attack ramffelow angles, the leeward canard vortices infeee the leeward
tails, and, as the angle is increased, body voyrtisi shed and the windward canard fin vorticegkrapwards and
impinge on the leeward tails. As previously mengidnthe green curve is the leeward fin load witheautard fins (body-
tail). For thedc = 0° anddc = +5° results, significant interference is seenrabe whole angle of attack range. The
largest influence is seen at angles of attack fi@mo 14; this is the range when the strong windwanard vorticies
impact the leeward tail fins, as seen in Fig. 1@ as experienced in the configuration pitching rantmFig. 17.
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Figure 18. Predicted MISL3 and MISDL fin normal for ce coefficients, Gr.

8
American Institute of Aeronautics and Astronautics



)

=T
-
|

=
&

N—rr

o

\

Windward canard vortices at tail
I A AR AR

Figure 19. MISDL predicted crossflow velocities atail fins.

The prediction of combined canard and tail defters for pitch control are shown in Fig. 20 for tB&T4C4
configuration at roll angles of 0° and 45°. The axas are deflected positive and the tails are ciefte negative to
produce positive pitching moment. The pitching mameharacteristics are different for the two rafiges, and the
codes predict the moments and trends well.
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Figure 20. Combined canard/tail deflections to prodce pitch, M,, = 1.75,¢ = 0° and 45°.

D. Missile Canard Control and Induced Roll B
The MISL3 andMISDL prediction methods have been use¢ -

9.99 >

A
v

37.49
Fixed or

to estimate canard vortex tail interactions for ariety of
configurations as shown in Refs. 1-3 and 10. Theaxh tail

>
=—=2.16
I §

free-rolling-tail
afterbody —

Y
S Sp— L

9.06

configuration of Blait illustrates canard-induced roll contrc NI _ | 250 \\ i
effects on tail fins. The wind-tunnel model is stoim Fig. 21. S _ll S

This model was used in Ref. 1 and is shown heidusirate the
prediction the nonlinear induced loads. The moda$ a 3-

Moment reference center

Dimensions in inches

caliber tangent-ogive nose and an overall bodytleraf 15
diameters. The test Reynolds number, based on Oizdayeter,
was 4.17x1%

Fig.22 compares measufeahd predicted rolling moment for a Mach numbed @f with the horizontal canards
deflected for roll controldgror. = -5° (BroLL = (Oco - 8¢4)/2). Measured and predicted results are showthfocanards in

Figure 21 Canard-tail configuration of Ref. 9.
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the “+” orientation and the tails in the “x” orieatton (C+Tx configuration). The measured data li@r ¢onfiguration are
also shown with the tail section free to rotate T&ree); the tails do not produce a rolling momertept through
bearing friction (negligible). It is seen in FigR #hat theMISL3 predicted direct roll control is in very good agmeent
with the measured C+T-free rolling momelISDL slightly overpredicts the canard rolling momentr Fhe C+Tx
configuration, theMISL3 predicted rolling moments agree well with datatopl® angle of attack and have the correct
trends above 4 MISDL predicts the rolling moments very well in magniuahd trend. This type of rolling moment is
difficult to predict because it is dominated by ttenard and body shed vortices influencing thefiad. This is the
classical induced roll effect seen on canard-ctlettomissiles. For these configurations, the indutal fin rolling
moment opposes the direct canards control and Ipctauses the overall rolling moment to oppose ittient of the
canard deflection. Above 14°, tihdlSL3 and MISDL predictions continue their trend and the experinsgpears the
approach the canard alone rolling moment. As tlgdeaof attack is increased, the canard vorticeseraway from the
tail fins; while the body vorticity remains loweRef. 1 includes detailed crossflow velocity plofsthe body shed
vorticity is asymmetric, as a result of asynmmet@anard vortices, the tails still experience induméng moments. If
the canard fins stall resulting in similar loadsnfrthe two deflected fins, one would expect nesytpymetric “wakes,”
and a rolling moment which approaches zero asnbiaf attack is increased even further.

e 0.6F=-©-- Exp.C+Tx
5 + O Exp. C+T-free
o [ === MISL3 C+Tx 4
- - d
¢, =0 (C+) =45 (Tx 8., =+5 = i MISL3 canard only Ll
" 2 (™) 504 MISDL C+Tx L
- 8 MISDL canard only /', 7
_ s .
N o, Fs2 8, =-5 % 0.2 0 00000 - 0O O A Q—Q;ﬁ/*e—,e—
g - Vortex-Induced  ,” o’
s 0’ Roll (Tail) S
- ’
o — -~-- 4
c B @9&5@6\9\ \\.'/ ;},
= I o N @I '
QO: -02 - <> \\ - ,'
| IS SR S S R N R TR IR

570 510 15 20
Angle of Attack

Figure 22 MISL3 and MISDL predicted direct and induced rolling moments.

V. Conclusion

This paper presents a detailed investigation ofcggabilities of engineering- and intermediatedea@rodynamic
prediction methods to estimate vortex-induced @ads. The ability to predict the nonlinear induadtects of an
upstream vortex on a downstream fin (normal fordeending moment, and hinge moment) was shown alitly
CART3D Euler CFD estimates of the fin-alone loadingn addition, predictions of the nonlinear aeruayic
characteristics of missile configurations with tandcontrols and free-rolling tail sections weredstigated. These
configurations have eight individual fins which kaexperience induced effects. Computing pitch-pland lateral
directional aerodynamic characteristics can belehging for these conditions. In general, the ptdi aerodynamic
characteristics are in good-to-excellent agreemdtfit the experimental data and, importantly, previdsight into the
understanding of the nonlinear aerodynamic chaniatits of missile fins and missile configurations.
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