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Prediction of Sparrow Missile Aerodynamic Characteristics with
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An engineering-level aerodynamic prediction code was applied to the analysis of the Sparrow wing- and tail-control
missile configurations. The equivalent angle of attack methodology employed by the MISL3 prediction method is
reviewed, and nonlinear effects of Mach number, high angles of attack, coupled fin deflections, and body-shed and fin
vorticity are accounted for in the analysis and investigated. The method is used to generate an aerodynamic database
over the flight Mach number range of 0.8 to 4.6, angles of attack from 0° to 48°, and fin deflection angles from -20°
to +20°. These results are compared to the published database. The prediction method is compared to experimental
data for several interesting nonlinear cases. The loss of roll control authority with combined pitch and roll deflections
is investigated for the wing-control Sparrow at transonic speeds.

Nomenclature

A maximum body crossectional area Xcp center of pressure

a body radius XMC moment center

AR fin aspect ratio, two fins joined at root a angle of attack, deg

Ca axial force/g«Srer o included angle of attack, deg

Csm fin bending moment Oleg equivalent angle of attack

Cum fin hinge moment B sideslip angle, deg

Ci rolling moment/qu.SrerLrer ) fin deflection angle, deg

Cm pitching moment/g.SrerLrer op pitch fin de_flection angle, deg

Cn normal force/0.Srer da rpll deflectl(_)n angle, deg

Cne fin normal force A fin taper ratio o

Cnw  wing-alone normal force Aapy, Aore M., dependent fin-on-fin interference parameters
CRr fin root chord 0] _ roll angle, deg

Cmec  Mean aerodynamic chord Subscripts:

D body diameter, maximum T tail fin

L body length w wing fin

Lrer  reference length 0 corresponds to database geometry, a/sm = %2
Moo Mach number 1 corresponds to configuration a/sm, 6 = 0°
oo dynamic pressure 2 _corresponds to configuration a/sm, 8 # 0°
Sm fin semispan from body centerline /S\uperscrl_pts: ] ,

Srer reference area indicates ‘vortex free’ deq

Sw area of two wing panels

l. Introduction

his paper discusses the methodology and capabilities of the MISL3 engineering-level aerodynamics prediction method to

predict highly nonlinear problems encountered in missile flight. Specifically, this paper investigates the aerodynamic
characteristics of wing- and tail-control Sparrow missiles having a mid-body cruciform wing section and a cruciform tail
section. The MISL3 code is an engineering-level code based on extensive fin-on-body data, the equivalent angle-of-attack
methodology, and includes extensive vortex modeling. MISL3 can be used to model conventional circular cross section missiles
with up to three fin sets. The equivalent angle of attack, oeq, method is presented through the specific application to the Sparrow
configuration to illustrate the richness of the methodology’s ability to provide insights into nonlinear missile aerodynamics.
The ability of the method to efficiently and accurately generate aerodynamic databases for flight simulations is demonstrated.
Comparisons to experimental wind tunnel data for both wing-control and tail-control versions of the Sparrow are included.

* Senior Research Engineer, 900 Lafayette Street, Suite 600, Santa Clara, CA 95050, Senior Member.
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I1. Technical Description

A. Overview of MISL3 Methodology
The engineering-level missile aerodynamic prediction
code MISL3 (Refs 1-7) has been developed for aerodynamic
performance prediction and for preliminary design of
conventional missiles. The method uses the Triservice
systematic fin-on-body force and moment data base (Refs 8
and 9). The prediction methodology employed covers a Mach
number range from 0.5 to 5.0, fin aspect ratios from 0.25 to
10.0, angles of attack to +90°, arbitrary roll angles, and 1
deflection angles from -40° to 40°. The method uses the I
equivalent angle of attack concept which includes the effects of }1
vorticity and geometric scaling. The MISL3 program has been ﬂ
developed by extending the methodology to model conical H
changes in body diameter (flares, boattails) and to allow H
i

———

. —y
- - o ——y = ~
g s . =

arbitrary interdigitation angles between fin sets. In combination
with the roll rate capability of the code, the performance of
configurations with rolling fin sets can be estimated.
References 1, 5, and 7 provide more details regarding the
methodology employed by MISL3 and present comparisons to
experimental data for a wide variety of configurations. Fig. 1 depicts the fin and body vortex modeling for a canard-tail
configuration.

Figure 1. MISL3 vortex modeling.

B. MISL3 Equivalent Angle of Attack Methodology

The equivalent angle of attack methodology (Refs 7, 10-12) used in MISL3 for the prediction of fin loads for geometries
and vortex flow fields different from those of the underlying Triservice fin-on-body database is reviewed because of nonlinear
effects of scaling for larger fin span to body radius ratios. In addition, fin-on-fin interference factors for fin deflection effects
are reviewed because of their importance for the large wings on the Sparrow. These factors are important to the prediction of
rolling moments which are the sum of moments generated on each fin of the configuration; eight fins for the Sparrow missile.
The aeq methodology relating the fin-on-body fin normal force to the wing-alone normal force is depicted in Figure 2. Steps in
this calculation procedure are discussed through an investigation of the Sparrow tail fin loads.

CunlARAM.)
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Cur2 —
(1) Determine database value corresponding to a/sm= %2
(2)  Subtract database vorticity (wind tunnel)
c
H (3)  Scale to correct a/sm
c

=

NFD

(4)  Add effects of nonuniform flow field
(5)  Add effects of rotational rates
(6) Add actual vorticity

* (7)  Add effects of fin deflections

]

Figure 2. Sketch of equivalent angle of attack methodology.

To illustrate the oeq methodology, the specific fins of the Sparrow are used. The Sparrow missile is depicted in Figure 3,
and Refs. 13 and 14 describe Sparrow wind tunnel data used in this paper. Additional Sparrow wind tunnel data are described
in Refs. 15 and 16.
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SPARROW

3

Figure 3. Sparrow missile geometry

The first step in the aeq procedure is to determine the fin load for fin planform geometry of the wind tunnel conditions of
the Triservice tests. The Triservice fins are shown in Figure 4; all fins have a body-to-fin semispan ratio a/sm, = % (Refs. 8,9).

FIN12, AR = 0.25, .= 0.5

FIN31, AR =0.5,A=0 FIN32, AR =0.5,2=0.5 FIN33, AR =0.5, =1

FIN42, AR =1,.=0.5

FIN53, AR =2,2=1

]

FIN52, AR =2, .= 0.5

FING62, AR =4,30.=0.5

FIN51, AR=2,A=0

o AN
N

als, =0.5

Figure 4. Triservice fin data base.

The Sparrow tail fin is used in this example to compare to experimental fin load data from Ref. 14. The fin aspect ratio,
AR, is 2.58, and the taper ratio, A, is 0. Fin data are published for M., = 1.60 and 2.20. Fig. 5 depicts the interpolated fin-on-
body Cne for the tail fin planform (AR, %) for the Triservice conditions: a/sm = % and axial fin position corresponding to tunnel
configuration. In this example, only the Cnr curve for the horizontal fin position is shown; there are corresponding curves for
each fin that depends on its circumferential location relative to the leeward meridian. The interpolated wing-alone Cnw curves
for the planform geometry of the tail fin (AR, X) are shown in Fig. 6. Note that the wing-alone configuration corresponds to an

a/sm= 0 (no body). Nonlinear angle of attack and Mach number effects are present in these figures.
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5 2 ) I I I I I I I I E 2 I I I I I I I I o
Q Fin-on-Body C,, M =1.60 O 18 Wing-Alone C,,, A
1.8+ % - B ,-E\'/ _
Sparrow Tail Fin M. =2.20 Sparrow Tail Fin i
1.6 AR =2577,%=0.0 . 1.6 AR =2.577,%=0.0 - -
scaled toals =05 -
1.4 | %, = wind tunnel location - 14F - -
s
'2r A 2r S e M =160 ]
1F P 1k ———— M =2.20
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8r Ve -1 8r -1
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06 " 06 "
041 " - 04F  #/ -
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Figure 5. Sparrow tail fin Cnr for a/sm = %. Figure 6. Sparrow tail fin wing-alone Cnw.
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For the flight angle of attack, oc, Cnro(a/sm = %2) is determined from the Cnr curve and used to enter the wing-alone curve
to obtain oeqo. This is depicted in Figs. 5 and 6. From the oeqo point, theoretical increments to oeq are computed to 1) subtract
vortex effects present in the wind tunnel configuration, 2) to scale body upwash effects for fins with a/sm,# %, 3) to add in
vorticity present for the actual configuration including upstream body- and fin-shed vorticity, and 4) to add deflection effects
including fin-fin interference.

The a/sm = % geometry with the forebody vortex model of Ref. 17 is shown in Fig. 7. The symbols representing the vortices
are scaled by vortex strength. The model is used to determine the strength and location at the fin leading edge. The reverse
flow theory of Ref. 12 is used estimate the Aaeq due to the vorticity. This increment, which could be positive or negative, is
subtracted from oeqo resulting in &.,o where the ” indicates the absence of vortex effects.

Sparrow Tail Fin Crossflow Velocity Field :
AR =2.577,.=0.0 M_=1.60. o =20° i 1

scaled toals =0.5 '
X, ¢ = wind tunnel location

|

The next step is to scale oeq to the a/sy of the actual configuration. This step accounts for the body upwash field effect on
the fin. Crossflow potential theory for a doublet predicts the upwash to be 2sina, at the root of the harizontal fin, and this decays
with the inverse of the distance squared. A smaller span fin is immersed in a stronger velocity field. Fig. 8 depicts the upwash
field with the Triservice a/sm =% fin and for the Sparrow tail fin, a/s, = ¥ shown for comparison.

|

i

Crossflow Velocity Field - Upwash Only - No Vortex Effects
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Figure 8. Upwash flowfield imposed on database a/sm= % fin and Sparrow a/sm= % tail fin.

If it is assumed that Ky, the Beskin upwash factor, is given by
tan@eqo

Kw = tanaccosp (1)

and that K, is linear with respect to a/sm as predicted by slender body theory, then the scaling with a/sy, is given by

tan@eq, = 2 itan&eqo - (2i - 1) tana, cose 2
Sm Sm
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With the proper upwash included, the vorticity present for the flow condition of interest is added. For the sparrow tail fin,
this includes forebody, wing, and afterbody shed vorticity. Fig. 9 depicts the vorticity field and crossflow velocity field at the
tail fins with a single vortex modeled from each wing. MISL3 has the option to shed 10 vortices per wing panel. Aft of the first
fin section, all vorticity shed is tracked aft by integrating the equations of motion for each vortex of the vortex cloud, Ref. 18.

REREE R R RSB R

Sparrow M_=1.60. u=20°

s

Forebody Vortex Model

Fin Shed Vortex

B Body Upwash

renesrne ] T

Figure 9. Vortex field and crossflow velocity field at the tails fins, 1 wing vortex modeled.

The effect of fin deflection on the equivalent angle of attack is included next. For Mach numbers greater than 1.5,
interference effects and control effectiveness are handled by slender body theory. For Mach numbers less than 1.2, control
effectiveness is obtained from the transonic normal-force coefficient control data base, and interference effects between fins
are obtained from slender body theory. For 1.2 < M« < 1.5, a combination of the two methods is used. The procedure used
herein is justified by the correlations presented in Ref. 10. For M > 1.5, the equivalent angles of attack with fin deflection for
horizontal fin 2 is given by:

Oeq, = Ueq,” AapiAapi 01+ AseLr 621 AapiAapi s+ Aore Aorp 04 ®)

where A and A are fin interference factors, Refs. 10-12. The terms Aapy

and Aopp are Mach number dependent interference factors proportional

to the fin area influenced by the adjacent and opposite fins,

respectively. For subsonic Mach numbers, these terms are 1.0, and for ']
high supersonic Mach numbers they can be 0.0. For supersonic
conditions, the zone of influence of each fin is determined and the
factor is computed based on the fin-area-influenced normalized by the

total fin area. The terms Asecr, Aapy, and Aopp are slender body theory 4
interference factors for the carryover of loading with deflection; these +P
represent the induced effect of the fin on itself and effects induced by

the adjacent and opposite fins, respectively. The fin-on-fin

interference due to deflection of the horizontal fins for roll control is C,.
shown in Fig. 10. The pressure field created by the fin deflections

induces normal forces on the vertical fins which oppose the

commanded roll. The importance of these fin-on-fin interference terms 3
will be illustrated in the Sparrow transonic roll control case described  Eigyre 10. Roll deflection fin-on-fin interference.
in the results section.

For M., < 1.2, the equivalent angle of attack due to control deflection is given by the previous expressions except that the
AseLed term are replaced by (Aoeq)s terms which are calculated from the transonic normal-force coefficient control data base.
To calculate (Aaeg)s, the normal-force coefficients with and without deflection, Cyrio,s and Curiosi-o, are found from the data
base for the M., ac, AR, A, and & combination of interest. The corrected values of Cnr and the average local test Mach number
are used to calculate the equivalent angles of attack, (Aaeq)s and(Aaeg)s-o. The change in the equivalent angle of attack of the
fin due to its deflection is scaled with a/sm using slender body theory and is given by
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) Asecr (@/sp)
Aserr (@ s = %)

Fig. 11 depicts the aeq calculation procedure as a function of o for the Sparrow tail fin. This figure illustrates the relative
magnitudes of these terms within the aeq calculation over the whole angle of attack range. The arrows in the graphs indicate the
direction of the change for this example. These are steps (2), (3), (6), and (7) shown in Fig. 2. Note that the subscripted “H” in
the aeq Variables in the graph represents the overstuck ~ symbol used paper text. These terms correspond to ‘vortex-free’ values.
The left graph contains the a/sm = %2 geometry of the Triservice database and shows the effect of removing the forebody vorticity
(see Fig. 7). This effect can be more dramatic for non-zero roll angle cases where the fin is immersed in the forebody vortex.
The center-left graph shows the effect of scaling aeq to account for the upwash effect between the database a/sm = %2 and the
Sparrow tail value of a/sm = % (see Fig. 8, Eqn. 2). The larger span fin sees a reduction in the upwash effect on oeq. The right-
center graph shows the effect of including the forebody, wing, and afterbody vortex field effects on the tails (see Fig. 9). This
is a strong vortex field and creates a significant downwash at the fin. Finally, the right graph depicts the deflection effect for
& = + 20° which includes fin-on-fin interference effects due to the deflection of fins (Eqn. 3).

(4)

Aaeqo‘ - (aeqb- T Qeq,,

deflection increments

50 | ] 1 50 1 | | 50 1 1 1 50 | | . 1 i
database als_ = 1/2 als_ upwash scaling add actual vortex Uggys 8= 0°
remove wind tunnel field effects ——— Ggan 5,7 205

40F vortex effect 7] - - 40} Upog 0,=20°

30 ] 30

B 3
53 20 . 4120
g _ 5
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0 . 0
- . UeaHt .
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_ ! 1 ] _ ] ] ] - ] ] ] _ ] ] ]
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Figure 11. aeq calculation procedure as a function of ac for the Sparrow tail fin.

The fin normal force coefficients, Cnr, corresponding to the aeq terms described in Fig. 11 are shown in Fig. 12 along with
experimental values from Ref. 14. The black, red, and orange curves are the final predictions for 0°, +20°, and -20° deflection,
respectively. The intermediate steps (green, blue, and purple) are necessary to get the correct fin load. The ability of the
methodology to predict the fin load is evident.
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Figure 12. Predicted Sparrow tail fin loads.
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I11. Results
The following results compare MISL3 predicted aerodynamic characteristics with data published in the literature. Ref. 14
includes results for the tail-control Sparrow including fin forces and moments, and Ref. 13 contains a complete pitch plane
aerodynamic database for the wing-control Sparrow covering the Mach number range from 0.8 to 4.60 for ¢ = 0° and ¢ = -45°
roll orientations. In addition, Ref. 13 includes transonic data that indicate a loss of roll control with combined pitch and roll
deflections.

A. Supersonic Tail-Control Configuration with Tail Fin Loads
Figs. 13 and 14 show comparisons between measured, Ref. 14, and predicted aerodynamic characteristics of the tail-control

Sparrow missile for Mach numbers of 1.6 and 2.2, respectively. The pitch plane orientation is ¢ = 0°. Each figure compares:
configuration normal and pitching moment, and fin normal force and fin hinge and bending moments. Results are shown for
tail deflection angles of +20°, 0°, and -20°. The overall and fin aerodynamic characteristics are predicted well by MISL3.

30 T
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25F Spgr=A /
2
15F
o 10F
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dp= 20°, Exp. -1 i (] &,= 0°,Exp.
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Figure 13. Measured and predicted
aerodynamic characteristics of the
tail control Sparrow for M« = 1.6,
¢ = 0°, and dp = +20, 0, and -20°.

05k O §=200Exp.

o] By= 0°, Exp.
B,=-20", Exp.
AR = 207, MISL3 4
f,= 07, MISL3
=207, MISL3
15 1 1 1 1 1 1

s 0 ] 10 15 20 25 30

7
© Analytical Mechanics Associates, Inc., published by American Institute of Aeronautics and Astronautics with permission.



AIAA-2017-3399

30

M_=I22 b=0°
25F S =A /
20+
15k
o 10F

&,= 20°, Exp.
[e] ;= 20°, Exp. Ak 8 n':= 0 ,E:: -
0 O = 0°, Exp. = " fi,=-20°, Exp.
B,=-20°, EXp. G,= 20°, MISL3
sk 3= 20°, MISL3 | sk ——— 5= 0°, MISL3 ]
J— ::':.zoo'n:;rss:fs . | | ; In,,--zu .Imsu
10 , . , . ey 5 0 5 10 15 20 25 a0
-5 4] 5 10 15 20 25 30 o
o
0.6 T T T T T T
40 T T T T T T M =22 4=0°
M =22, 6=0° 04+ ER“:S .
oF E::;: A E o2k T X lc, = 0.5
20 Xul=052 ]
10 [ e
z.
0 (&)
UE
-10
06F O &= 0°,Exp. .
-20 :_““e————-e 2 oo O
- —g_ 0 5,=-20", Exp.
5= 20°, Exp. = = 20°, MISL3 b
30F 8 Be 0 Exp —Q_ E 08F____ :,: 0, MISL3 o
3,m-20°, Exp. _-O\\ 5,5-20°, MISL3
L &= 20°, MISL3 3 1 1 1 1 1 1
-40 b 0 ML 50 5 10 15 20 25 30
By h L
.50 " 1 1 1 1 *
-5 1] 5 10 15 20 25 30
o
2 T T T T T T
W, =22¢=0°
_ . 15F ::g;c;._,os /
Figure 14. Measured and predicted N e
- - . - ( 1
aerodynamic characteristics of the C_),,--';
tail control Sparrow for M., = 2.2, - osp—"""
¢ = 0°, and &p = +20, 0, and -20°. S |
- Q 6= 20°, Exp. |
-05 b ’ (o] &= 0°, Exp.
5,220, EXp.
Ak =207, MISL3 |
&= 0°, MISL3
4,=-20°, MISL3
.15 1 1 1 1 1
.5 [i] 5 10 15 20 25 30

B. Wing-Control Configuration

This section demonstrates the use of MISL3 to generate an aerodynamic database over the complete Mach number, angle
of attack and fin deflection space of the wing-control Sparrow. Ref. 13 describes the Sparrow database. It includes ten Mach
numbers: 0.8, 1.0, 1.3, 1.6, 2.0, 2.3, 2.6, 3.0, 4.0 and 4.6, angles of attack up to 48° every 4°, and nine wing pitch plane
deflections settings: 20, 16, 12, 8, 0, -8, -12, -16, and -20°. For ¢ = 0° the two horizontal wings are deflected for pitch control,
and for ¢ = -45° all four wings are deflected for pitch control. For brevity, this paper only presents the ¢ = 0° pitch plane
database. A case of particular interest for the wing-control sparrow is roll control effectiveness at transonic speeds. For
conditions with combined pitch and roll deflections, a loss of roll control is seen in the data and has been experienced in flight
tests of similar configurations.

B.1 ¢ = 0° Pitch Plane Characteristics for M = 0.8 t0 4.6

Figs. 15 and 16 show the overall normal force, pitching moment and center of pressure for the configuration at M., = 1.0
with wing pitch deflections of 12, 0, and -12°. Excellent agreement between measured and predicted results are obtained for
angles of attack less than 25°; the normal force is underpredicted for angles above 25°. The pitching moment is predicted well,
and the predicted center of pressure is within a body radius (0.3*Lrer) of the experimental values.
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Figure 15. Wing-control Sparrow overall normal force and pitching moment coefficients for M., = 1.0.
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Figure 16. Wing-control Sparrow center of pressure location for M« = 1.0.

Fig. 17 depicts results for M., = 2.0. Excellent agreement between measured and predicted results are seen for angles of
attack less than 25°; the normal force is overpredicted above 25° which results in larger negative pitching moments.
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Figure 17. Wing-control Sparrow overall normal force and pitching moment coefficients for M« = 2.0.
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To assess the overall database space, contour plots are used for visualization. For M., = 1.0, the normal force is shown in
Fig. 18 for angles of attack up to 48° and deflections from +20° to -20°. The grid in the contour plot indicates the databases
points. The left graph shows the experimental data from Ref. 13, the center graph shows MISL3 results, and the right graph is
the difference divided by the experimental values. In the difference graph contour levels between £10% of zero are filled in as
“white.” The difference has been conditioned to account for data points where the value of Cn(EXp.) is near zero. The difference
between the experimental and MISL3 predicted database is less than 10% over most of the {ac, dp}space.

AC, IC
= = 0° N “NExp
050051152 25 3 35 4 455 55 6 N M“‘ 1'0’ d’ 0 QCNFCNh: -0.5-04-0.3-02-01 0 0102030405
Exp. MISL3 _ MISL3 - Exp.
16 16 |
8 8
w0 w0
8 8
-16 -16
0 8 16 24 32 40 48 0 8 16 24 32 40 48
0": C"C

Figure 18. Normal force {ac, 6r} database space, M« = 1.0.

Fig. 19 shows the contour plots of the pitching moment corresponding to the Fig. 18 normal force. The difference contours
shown for the pitching moment, right graph, are not normalized by the experimental values. There is very good agreement
between the measured and predicted characteristics. The predicted center of pressure is within a body radius over most of the
{ac, o} space.

B TR [ e c M =1.0,6= 0° 454393292491 03 0051152 28

MISL3 - Exp.

-45-4-35-3-25-2-15-1-050 05 1 15 2 25 m

Exp.

20

40

O O O

10 20 30
Figure 19. Pitching moment {ac, 6p} database space, M. = 1.0.

The ¢ = 0° pitch plane normal force data base is depicted in the Figs. 20 —22. Fig. 20 plots the database from Ref. 13, Fig. 21
shows the MISL3 predicted data base, and Fig. 22 depicts the normalized difference. The MISL3 predictions capture the
aerodynamic characteristics. The difference is generally less than 10% for angles of attack less than 25°. The largest differences
are at the highest Mach numbers, the largest angles of attack, and the largest positive deflection angles.
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The ¢ = 0° pitching moment data base is shown in the Figs. 23 — 25. Fig. 23 plots the database from Ref. 13, Fig. 24 shows
the MISL3 predicted data base, and Fig. 25 shows the difference between the Ref. 13 and MISL3 computed center of pressure,
(Xce-Xmc)/Lrer = -C/Cn. The predicted center of pressure is typically within one body radius of the experimental values as
indicated by the blanked area in the contours. The largest differences indicated in Fig. 25 are numerical artifacts which occur
when computing (Xce-Xmc)/Lrer for near zero normal force. This behavior is seen in Fig. 16.

Figure 23. Ref. 13, ¢ = 0° pitching moment data base. Figure 24. MISL3, ¢ = 0° pitching moment data base.
g
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Figure 25. Axcp/Lrer, (MISL3 — Exp.), ¢ = 0°.

B.2 Transonic Wing-Control Configuration, Roll Control Authority
This section assesses the ability of MISL3’s methodology to predict the roll-control behavior of the wing-control Sparrow
summarized in this quote from Ref. 13.

“At small angles of attack positive roll control is available throughout the design Mach number range, independent
of attitude in roll. Positive roll control is available throughout the range of trim angles of attack and design Mach
numbers whenever the panels lie in the maneuver plane. In the transonic regime at moderate to large angles of
attack there is a reversal of control effects when the roll control panels are perpendicular to the plane of
maneuver.”

Of particular concern is loss of roll control at transonic speeds. The roll control effectiveness of the wing-control Sparrow at
transonic speeds with combined pitch and roll deflections is examined. Pitch plane characteristics are presented in the previous
sections. For ¢ = 0° the pitch deflection is defined as & = (32 +84)/2 and the roll control deflection is 8, = 84 - 82,

M=1.0, $ = 0° 5= 0° §=+6° M=1.0, $ = 0° 5=12°, 5 =+6°
0.04 — A T 0.04.".....¢....."...‘-.-

o ; | L
0.02 -'OOOOOOODQOO(:)& I O O 0.02

o]
/--""\ 00

o 0 -]
5°O~_%0,
-0.02 -0.02
- | |l— e UO
O Exp. 8= 0°,5=+6 | | O Exp, §,=12,5=+6"
MISL3, 5,= 0°, &,=+6° MISL3, 5,= 127, 5 =+6°
N . | - L L MR B - TS BT B PR B L
00455 5 10 15 20 25 00455 5 10 15 20 25
% %
Figure 26 Roll control characteristics, dp = 0°, 8a =+6°. Figure 27. Roll control characteristics, 6p =12°, 8a =+6°.

Figs. 26 and 27 compare the roll control authority of the Sparrow at M« = 1.0 and ¢ = 0° with 8p = 0° and 12°, respectively.
Results are shown for +6° of roll control which corresponds to &, = -3°, 64 =+3° for 8 = 0° and to 8, = 9°, 84 = 15° for 6p = 12°.
MISL3 predicts the major characteristics of the rolling moment including the roll reversal near ac = 15° for 80 = 0° and the roll
reversal near o = 5° for 80 = 12°. The data show additional nonlinearities in the rolling moment which are not predicted. It is
important to note that the rolling moment reversal shown in the figures indicates that the missile loses roll control authority for

12
© Analytical Mechanics Associates, Inc., published by American Institute of Aeronautics and Astronautics with permission.



AIAA-2017-3399

some transonic conditions. This is investigated further with MISL3 below after a detailed analysis of the predicted rolling
moment behavior in Fig. 26.

45 T T T T T 0.15 T T T T T
Ugar M, =1.0,5,= 0°, 5, =+6° M, =1.0,35,= 0° 5, =+6°
40 u . :
EQ12
35k Yegna B
— Ugou
30F Otggzy -
25" "7 77 Ueqzz
_____ Ueaz
g W0F~~77~ EQze -
['%)
S 15f E
10F -
5 - -
R et
_5 - -
1 1 1 | |
-10 0 5 10 B 20 25
QC
Figure 28. Wing roll control, individual fin oeq Figure 29. Wing roll control, individual fin C.

Rolling moment predictions are sensitive and often difficult to predict because they are the sum of the contributions of the
eight fins of the complete configuration, and the individual fin contributions themselves include fin-on-fin induced effects and
vortex induced effects as described above in the oeq methodology. To illustrate this sensitivity, Fig. 28 plots the MISL3
computed aeq for each fin, and its corresponding contribution to the rolling moment is shown in Fig 29. The thick black line in
Fig. 29 is the sum of the eight fin curves; this is the overall C; plotted in Fig. 26. The scale of Fig. 29 is expanded from that of
Fig. 26 to accommodate the large wing contributions. The net rolling moment is the difference of two large numbers, the
deflected horizontal wings, with interference effects on other wing fins and tail section being significant too. This is explored
next.

Fig. 30 plots the wing fin contributions to the rolling moment. In this figure, the contributions from deflected Wings 2 and
4 are summed and shown as the thinner red line. This line represents the direct roll control contribution from the deflected
horizontal fins. The fin-on-fin interference induced rolling moment is shown as the thin blue line which is the sum of the rolling
moment contributions from the two vertical wing fins. This induced rolling moment on the vertical fins opposes the direct
horizontal fin rolling moment and is approximately half the magnitude (see Fig. 10); this interference effect is large. The thick
red line is the total wing section rolling moment. The difference between the overall C, (thick black line) and the sum of all
wing fins (thick red line) is the induced rolling moments from the tail fins which are depicted in Fig. 31. The tails fins are
immersed in an asymmetric vortex flowfield which results from the asymmetric wing deflections. The thin blue and green lines
represent the contributions from the horizontal and vertical tail fins, respectively. The total tail section rolling moment is the
thick blue line which, when added to the wing section rolling moment, produces the overall C;. The subtleties and sensitivities
inherent in the prediction of rolling moments is evident in this analysis.

0.04 T T T T . 0.04 T . T T T
M, =1.0,5,= 0° 5, =+6° M, =1.0,35,= 0°, 5, =+6°
0.03 0.03F -
0.02 0.02}F -
0.01 0.01
o 0 O 0
-0.01 -0.01
- ~ 0 | — C
002F —— ¢, ~_ 0.02 C:{T,+T3)
—— C(W,+W,) N C(T*T)
-0.03f ———— C{(W,+W,) — ] -0.03F C,(Wings) E
1 cL{WInQS) ] I I 1 leTails) ] ]
-0.04 0 5 10 15 20 25 0.04 0 5 10 15 20 25
ac ac
Figure 30. Wing roll control, wing section Ci. Figure 31. Wing roll control, tail section Ci.

To better understand when roll control effectiveness is lost at transonic speeds, the rolling moment is computed over the
combined pitch and roll deflection space. For the ¢ = 0° pitch plane orientation, Fig. 32 shows contour plots of the {6p, 8.}
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space; individual contour plots are shown for angles of attack from 0° to 20° every 5°. At o = 5°, roll control authority is lost
for 6p > 10°, and at ac = 10°, roll control authority is lost for 6p > 5°. This progression continues at higher angles of attack.

L]

8,25,%5,2 | 5,26,-5,02
2

M, =10, ¢=0° 8§ =(5,+35)2, 8,=8,-8, 8,,=0°
o = 5,¢=0° a, =10°, = 0° o, =15°% ¢=0°
i |

~ Roll Reversal
No Control

~ [Rol
[ "Noc

Figure 32. Roll control effectiveness of the wing-control Sparrow in the ¢ = 0° pitch plane.

For the ¢ =-45° pitch plane orientation, Fig. 33 shows the roll control effectiveness. All four fins are deflected for pitch
control, and fins 2 and 4 are differentially deflected for roll. For this orientation and command, roll authority is maintained
over the range of flow conditions depicted. A reduction in roll control effectiveness with increasing oc and Jp is seen in the
results, but the windward orientation of wing fin 4 helps to maintain roll authority.

M, =1.0, $=45° 5, =(5,+5)2, §,=3,-5, 8,5,
a = 5°, ¢ =-45° o, = 10°, § =-45° a, = 15°, 6 =-45°

Figure 33. Roll control effectiveness of the wing-control Sparrow in the ¢ =-45° pitch plane.
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A further example of when roll authority would be lost during flight is illustrated in Fig. 34. The flight condition is M= = 1.0
with combined angle of attack - sideslip and yaw control deflection of the vertical wings: a = 5°, B = 2°, 813 =-2°. The roll
control effectiveness is plotted as a function of the horizontal fin deflection angles. For these conditions, the roll authority is
asymmetric with respect to 6. = 0° (45 deg line in figure), and the missile experiences loss of roll control when &p > 5°.

Predicted Roll Control Effectiveness
Mach=1.0,a=5,=2,8,,=-2

151

10}

I 4~ 92
- positive roll control
B authority

a1
T ™

O1r §, =10 - uncontrollable

0.0052 O o
0.0026
0 8, = 0 - controllable
l4 0.0026 -0.01¢
-10 % -0.0052 . . ,
I -0.0078 s 30 5
N -0.0104 a
I 0.013
) NI | /N I EIAII WA Wit
-15 -10 -5 0 5 10 15

Figure 34. Predicted transonic roll control effectiveness for combined a, B, and pitch, yaw, and roll control deflections.

1VV. Conclusions

This paper describes the prediction of the nonlinear aerodynamic characteristics of wing- and tail-control Sparrow missile
configurations utilizing the MISL3 engineering-level prediction method. The equivalent angle of attack method employed by
MISL3 is used to provide insights into the nonlinear missile aerodynamics of the configurations. Body- and fin-shed vortex
effects, scaling of upwash effects, and deflected fin-on-fin interference effects are investigated. The ability of the method to
generate large databases for flight simulations over a Mach number range from 0.8 to 4.6, angles of attack up to 48° with pitch
deflections up to +20°, was demonstrated. The database is compared to published data. The normal force prediction is within
10% of the published database over most of the flight regime, and the vehicle center of pressure is within a body radius for
most conditions. The pitch plane database presented consisted of 1170 conditions (M., ac, dp); the MISL3 computational time
to generate this database is less than 30 seconds utilizing a 2016 Intel® i7 CPU. The methodology is able to estimate the loss
of roll control for the wing-control Sparrow at transonic speeds.
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