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Analysis of the Rolling Moment Coefficients of a Rockets with
Wraparound Fins
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The measurements of the rolling moment coefficients were done for two models with wraparound fins and one model

with flat fins. The rolling moment coefficients were measured for two cant angles (0° and 0.8° ). The measured values

were fitted by the fourth order polinom of the angle of attack. It was proven that the rolling moment coefficient at
zero angle of attack is equal to the sum of the rolling moment coefficient due to the curvature of the fins and rolling

moment coefficient of the canted equivalent flat fins.
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Notation and symbols
Oxyz —Body axis system
Oxy'z’ — Semi-fixed, non-rolling axis system

Oxyz — Aerodynamic axis system

C, — Rolling moment coefficient
G, — Zero term of Fourier’s series
H, — Amplitude of the sine harmonics of Fourier’s
series
¢ — Model roll angle
4, — Aerodynamic roll angle
4 — Angle of orientation of the plane of the total
“ angle of attack with respect to the vertical plane
a — Angle of attack
a, — Angle of attack in the wind tunnel
C({0 —Rolling moment coefficient at a = 0 zero angle
of attack
C, - Derivative of the rolling moment coefficient due
ta
to o’
C, , —Derivative of the rolling moment coefficient due
ta
to o*
Crpy  — Rolling moment coefficient due to curvature of

the wraparound fins
Cipy  — Derivative of the rolling moment coefficient due
' to cant angle of the fins

Introduction

HE predominant reason for the design of a tube

launcher of the missile is packaging convenience. The
tube launcher requires folding wraparound fins (WAF)
which are deployed instantlly after the missile has left the
tube of the launcher [1].
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Some of the characteristics of a missiles with wrap-
around fins are different comparing to the missiles with flat
fins and it has been investigated for years [1], [2], [14].

It was shown by exeperiments that the static longitudinal
characteristics of the missile with wraparound fins did not
differ from the static longitudinal characteristics of the
missile with flat fins with the area equal to the projected
area of the curved fins [2]. It was also proven that there is
no increase of the total drag.

It was determined by the experimental data from the
various wind tunnels that wraparound fins develop the
rolling moment even at zero angle of attack and zero cant
angle of the fins. This moment has the direction towards the
centre of the curvature of the fins at subsonic speeds and
changes the direction at supersonic speeds. This rolling
moment is called induced rolling moment [2].

A possible reason for the induced rolling moments in
subsonic flight of the missile with WAF is found in the
converging separated wake generated at the base of the
configuration [2]. According to the assumption that the base
flow is responsible for the induced rolling moment, it was
shown by theoretical investigation that moving the fins
upstream should reduce this moment. It is also stated that
forward sweep of the trailing edge sharply reduces the
rolling moment. The experimental data was given for only
two Mach numbers M =0.5 and M =0.8.

The reduction of the rolling moment with the increase of
the Mach number was investigated in [3]. It was shown by
experimental investigation for Mach number
M =2.15+3.83 that the rolling moment decreased rapidly
by a factor nearly 2 between Mach numbers of 2.15 and 2.41.

The influence of the fin leading and trailing edges on the
rolling moment coefficients for the missile Mk66 is given
in [4]. The diagrams for the rolling moment coefficient are
given as a function of the Mach numbers for a different
type of leading and trailing edges and the standard fins
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canted for the angle 1.5 degrees

Comparison of the rolling moment coefficients
computed by the full Naviar-Stokes code and coefficients
obtained experimentally was done in [5]. The computed
rolling moment coefficients for velocities ranging from
Mach 1.3 to Mach 3.0 showed favourable agreement with
experimental data. The calculated and experimental data
showed that the crossover point is greater than Mach 1.0.
The results of CFD computations do not indicate that the
rolling moment coefficient is Reynolds number dependent.

A wall mounted semi-cylindrical model fitted with a
single wraparound fin was investigated both numerically
and experimentally for Mach numbers 2.8-4.9 [12]. The
rolling moment rapidly decreased (almost discontinuously)
by factor of nearly 2 between Mach numbers of 2.28 and
2.41. For M >2.41 the rolling moment decreased almost
linearly with the increasing of the Mach number. The
slotted fin also displayed a trend of decreasing the rolling
moment with the Mach number. The magnitude of the
rolling moment of the slotted fin is twice the one of the
solid fin.

In order to avoid aerodynamic anomalies of the wrap-
around fins the alternative configurations were investigated
in [13]. One alternative to wraparound fins is FLEX fins
which deploy straight fins to some offset angles less than
perpendicular. Another improvement to wrap-around fins is
the use of slots. It was shown that the slots reduce the out of
plane moment and decrease the roll rate dependence with
Mach number.

The rolling moment coefficient vs. the angle of attack for
the solid and slotted fin configurations was compared for
Mach numbers from 0.5 to 3.0 in [14]. Depandance of the
C, vs. the angle of attack is of parabolic nature. Rolling
momnet coefficient increases negatively as the angle of
attack increases. All C, data for the slotted fins have
shifted upwords positively compared to the solid fins. At

high Mach numbers (M >1.5) C, is negative for both the

solid and slotted fin. At Mach number 1.5 the solid fins
have a negative C, while the slotted fins have

positive C, . All the subsonic C, ~data for the slotted fins

is negative while it is positive for the solid fins.

The purpose of this paper is to investigate the influence
of the canted wraparound fins on the rolling moment
coefficients relative to the canted equivalent flat fins. Since
the cant angle of the fins of the unguided missiles are small

(S 2°) the initial assumption is that the rolling moment of

the missile with canted wraparound fins is equal to the sum
of the rolling moment of the missile with equivalent flat
fins and rolling moment of the wraparround fins with zero
cant angle.

Rolling moment coefficient

The most convenient way to analyze the rolling moment
coefficient is to study it in terms of the parameters in
aerodynamic axis system Oxyz (axys system related to the
total angle of attack) [14, 15]. The Ox axis is connected to
the longitudinal axis of the missile and directed to the tip of
the missile, Oz is in the plane of total angle of attack and
Oy is normal to the incidence plane (Fig.1). The plane of
total angle of attack (incidence plane) is a plane containing
velocity vector and missile longitudinal axis.

Angle of orientation of the plane of the total angle of
attack ¢, relative to the body axis system Oxyz is defined

ny the following formula:

Figure 1. Relations between body and aerodynamic axis

¢, = arctan % (1)

where v and w are lateral speeds in the body axis system.

Rolling moment coefficient for unguided missile in
aerodynamic axis system can be written in the following
form [15], [16].

C, =G, +H,sin4g, ()
where
G,=C, +C, ,a*+C, ,a*

3)

Hy=C o
a

Semifixed axis system (non-rolling axis system) Ox'y'z’
is frequently used for wind tunnel data presentation. The
Ox' axis coincides with longitudinal axis of the missile,
Oz'axis is pointed vertically down and Oy’ is normal to
the Oz' axis. The roll angle of the model ¢ is the angle
between Ox'y’ plane of semi-fixed axis system and Oxy
plane of body axis system (Fig.2).

y
/\&

y

Wind tunnel vertical plane

’

z

Figure 2. Relations between semi-fixed and body axis.

In the wind tunnel test the angle between the model and
the air strem (angle of attack) is changed from negative to
positive values. The roll angle of the model around the
longitudinal axis relative to the semifixed axis system is
constant for one run.

The orientation angle of the plane of the total angle of
attack relative to semifixed (nonrotating) axis system has
two values:
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¢, =0"for a, 20

o

“)
¢, =180" for o, <0

Substituting the relation between angles ¢, and ¢

¢ =04, )

in equation (2) the rolling moment coefficient can be
written as a function of angle ¢ which is constant for one

run.

C, =G, +H,sin4¢ (6)

Description of the model
The basic dimensions of the model are given in Fig.3.
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Figure 3. The basic dimensions of the model

There are three configurations of the model. The body of
the missile with ogival nose is the same for all three
models. The wing sections of the model are changed in
order to cbtain different models. Two wing sections have
wrap-around fins and the third section has equivalent flat
fins. The wraparound fins have the same dimensions, but
one set of the fins has the opposite curvature to the other.
The flat fins are obtained by projection of the wraparound
fins on the plane which goes through the longitudinal axes
of the missile and root cord of the wraparound fins. The
rear view of the three configurations of the model is given
in Fig. 4. These three configurations are designated as
Model-1, Model-2 and Model-3.

Model 1

@D =20°

Model 2

@=10°
10

Model-3
Figure 4. Rear view of the fins section

The plane which goes through the longitudinal axes of
the missile and root cord of the wraparound fins was rotated

for an angle ¢ =10° relative to the vertical plane. Model 2

has the wraparround fins with opposite curvature to the fins
of the Model 1. The plane which connects the tips of the
fins was rotated for a roll angle ¢ =20 relative to the
vertical plane of the wind tunnel (incidence plane).

In order to find the relation between the rolling moment
coefficient of the missile with wraparound fins and rolling
moment coefficient of the missile with flat fins, the
measurements of the rolling moment coefficient were done

for two cant angles 8, =0.0° and 6, =0.8" (Fig.5).

Figure 5. Cant angle of the fins

Measurement results

The measured data of the rolling moment coefficients for
all three models are given in Figures 6 — 11. Since the
rolling moment coefficients of the wraparound fins at zero
angle of attack have different sign in subsonic region from
the sign in supersonic region, the graphical representations
of the measurements are chosen for Mach numbers
M =0.7 and M =2.0. There are two curves on each of

the diagrams, one for zero cant angle of the fins (5{/ = 0°)

and the other for 5, =0.8°.

In order to determine C, , and C§4l it is necessary to

(24 a

have at least two runs: for the roll angle ¢ =0° and roll
angle ¢ =22.5°. There are measurements available only for

one roll angle for each of the models (Model 1- ¢=0°,
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Model 2 - ¢=20° and Model 3 - ¢=10"), so it is

impossible to distinguish the derivative C, , from the
o
derivative Cfl .
a

Since the purpose of this paper is to determine the
contribution of the curvature of the wraparound fins to the
rolling moment coefficient, fitting of the experimental data
will be done by the fourth order polinom without distinction

between derivatives C, , and Cfl .
a a

The rolling moment coefficient can be written in the
polinominial form as even function of the angle of attack.
_ 2 4
C,=C,+ C/a2 o+ C”a“ a (7
The fitted curves are given on the same diagrams with

experimental data and analysis of the results of the fitting
will be given seperatelly for each of the models.

Model 1

Results of the measurements of the rolling moment
coefficients for Model 1 are given in Fig.6 for M =0.7 and
Fig.7 for M =2.0. The derivatives of the rolling moment
coefficient (7) obtained by fitting experimental data for all
the investigated Mach numbers are given in Table 1 and
Table 2 (0, =0° and 9, =0.8).
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Figure 6. C, for Model I - M =0.7
0.04

PN
00 ms
0.00

U -0.02
-0.04 m 5=0"Exp
—8— 5=0’Fit
-0.06 5=0.8" Exp
—A— 5=0.8"Fit
-0.08 I n_
-12-10-8 6 4 2 0 2 4 6 8 10 12

al]

Figure 7. C, for Model 1 - M =2.0

Table 1 Derivatives of the rolling moment coefficient for &§, =0° : Model 1

M 0.5 0.7 0.9 1.0 1.1 1.5 2.0

Cy, 10.0208 | 0.0209 | 0.0214 | 0.0144 | 0.0111 | 0.0048 | -0.0084

Cf;az -0.394 | -0.722 | -1.215 | -1.97 | -2.725 | -0.952 | -2.233

Cfa4 442 | -223 | -0.62 | 25.1 | 683 | -8.62 4.96

Table 2 Derivatives of the rolling moment coefficient for §,=0.8" : Model 1

M 0.5 0.7 0.9 1.0 1.1 1.5 2.0

C 0.0582 | 0.0577|0.0553{0.0527| 0.044 | 0.0221 | 0.0332

‘o

Cwaz -0.131 | -0.131 | 0.164 |-0.624 |-0.525| 0.394 | -1.182

Cwa4 -44.19 | -26.2 | -17.8 | 1.33 | -6.06 | -31.4 -15.5

Model 2

Rolling moment coefficients for Model 2 increase with
the increase of the angle of attack (Fig.8 for M =0.7 and
Fig.9 for M =2.0). It is particularly evident in case when
the fins are canted for an angle J, =0.8°. The derivatives

of the rolling moment coefficient for all the investigated
Mach numbers, obtained by fitting experimental data, are

given in Table 3 for 6, =0? and Table 4 for 5, =0.8°.
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Figure 8. C, for Model 2 - M =0.7
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Figure 9. C, for Model 2 - M =2.0
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Table 3 Derivatives of the rolling moment coefficient for &, =0° : Model 2

Table 5 Derivatives of the rolling moment coefficient for &, = 0" : Model 3

M 0.5 0.7 1.75 2.0 M 0.5 0.7 0.9 1.0 1.75 2.0
C/o -0.0326 | -0.0313 | -0.0115 | -0.0042 Cfo -0.0001 | -0.0006 0.0013 -0.0013 | -0.0002 | -0.0011
C”a2 0.46 | 0.0253 1.94 0.82 C«az 1.149 1.15 0.525 -0.295 1.149 0.689
C¢a4 -47.0 23.72 -107.8 -84.8 C/u4 -106.6 -101.1 -58.75 10.97 -215.6 -107.8
Table 4 Derivatives of the rolling moment coefficient for 6,=0.8" : Model 2 Table 6 Derivatives of the rolling moment coefficient for 5,=0.8° : Model 3
M 0.5 0.7 0.9 1.0 1.1 1.5 2.0 M 0.5 0.7 0.9 1.0 1.5 2.0
C,, 10.0049(0.0069| 0.006 | 0.0108 | 0.0165 | 0.0184 | 0.0379 C, 0.0324 | 0.0344 | 0.0336 | 0.0325 | 0.0219 | 0.0357
C”az 1.083 | 1.346 | 2.988 | 3.086 2.63 5.089 | 3.086 C/uz 2922 243 2.594 2.856 4.465 2.594
Gy |2111[-13.64| -107.8 | -107.8 | -75.67 | -2153 | -215.7 Coy | 2156 | -1076 | -1078 | -109 | 2156 | -216
Model 3

Dependence of the rolling moment coefficients on the
angle of attack for the Model 3 ,is similar to the Model 2
(Fig.10 for M =0.7 and Fig.11 for M =2.0). The rolling
moment coefficients are close to zero when the fins are not
canted. Derivatives of the rolling moment coefficient for all
the investigated Mach numbers for the Model-3 are given in

Table 5 (5, =0°) and Table 6 (5, =0.8").
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Figure 10. C, for Model 3 - M =0.7
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Figure 11. C, for Model 3 - M =2.0

-12-10 -8 -6 -4 10 12

Rolling moment due to the curvature of the fins
The rolling moment coefficients at zero angle of attack
(C 0 ) in function of the Mach number are given in Figures
12 - 14 for Model 1, Mode 2 and Model 3 respectively.

0.06

0.04

0.02

0.00 \&\A

-0.02 50"

—=—350.8"
-0.04
0.0 0.5 1.0 1.5 2.0 2.5
M
a
Figure 12. Mode I: C, for 5,=0" and &, =0.8
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Figure 13. Model 2: C, for 6,=0" and 6, =0.8°
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Figure 14. Model 3: C, for 6, = 0.8°

There are two curves on each of the diagrams: one curve
is for zaro cant angle and the other is for fins canted for an
angle o, =0.8".

The rolling moment coefficients due to the curvature of
the fins are obtained by substituting the rolling moment
coefficients of the missile with flat fins from the
appropriate rolling moment coefficients of the missile with

wraparound fins (AC,, ). As the result of the substraction,

the rolling moment coefficients due to the curvature of the
wraparound fins are obtained as a function of the Mach
number.

Since the curvature of the wraparound fins for the Model
1 equal to the curvature of the wraparound fins for Model 2
the rolling moment coefficients for zero cant angle must be
equal but with opposite signs. The rolling moment
coefficients obtained by both the measurement of the
models with zero cant angle of the wraparound fins and the
difference of rolling moment coefficients of the models
with wraparound fins and model with flat fins are given in
Fig.15 as a function of the Mach number.

0.04
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—— AC, Model-2

0.01 /E
2 0.00 /\/@

-0.01

-0.02

-0.03

-0.04

0.0 0.5 1.0 1.5 2.0 2.5

Figure 15. C, as a function of the Mach numbers

The curves which represent the contribution of the wrap-
around fins curvature to the rolling moment coefficient of

the model with flat fins (AQO ) have good agreement with

the rolling moment coefficients for the zero canted fins of
the Model 1. This statement is not valid for Model 2. There
is no physical exlanation for the deviation of the zero
rolling moment coefficients of the Model 2 from the zero
rolling moment coefficients of the Model I and increament
AC,, for both models.

It can be concluded from the diagrams in Figures 12 -
14, that the rolling moment coefficient of the missile with
wraparound fins can be written as the sum of the moment
due to the curvature of the fins and the moment due to the
cant angle of the fins.

Cc, =C

‘o ‘o0

+ C% 0, (3)

The zero term C, is shown in Fig.15.

The derivative C, 5 can be calculated from the

measurements of the rolling moment coefficients of the
missile with canted flat fins. The diagram of the derivative

C,;, as a function of the Mach numbers is given in Figl6.
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Figure 16. Derivative C,,

Conclusion

Measurement of the rolling moment coefficients is done
for three models. Two models are with wraparound fins and
one model is with flat fins. The flat fins are obtained by
projection of the wraparound fins on the plane through
longitudinal axis and root chord of the wraparound fins.

It is proven by the measurements of the rolling moment
coefficient that the rolling moment coefficient is an even
function of the angle of attack.

The rolling moment coefficient is expressed in the form
of Fourier’s series in the aerodynamic axis system. Hence,

there are no measured data for the roll angle ¢ =22.5° it is

impossible to separate coefficient Cfl of the fourth order
a

term from the coefficient C, , of the zero term of the
a

Fourier’s series.
The measured rolling moments are fitted by the polinom
of the fourth order and as the results of the fourth order and

as the results of the fitting the coefficients C,;, C, , and
a
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C, , are obtained for all.

It is also shown that the rolling moment coefficient at

zero angle of attack is equal to the sum of the rolling
moment coefficients due to the curvature of the fins and
rolling moment coefficient of the canted equivalent flat
fins.
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Analiza koeficijenta momenta valjanja raketa sa olucastim krilima

Merenje koeficijenta momenta valjanja u aerotunelu, uradeno je za dva modela raketa sa oluc¢astim krilima i jedan
model rakete sa ravnim krilima. Merenje koeficijenta momenta valjanja za sve modele uradeno je za dva ugla

ugradnje krila (0° i 0.8"). Izmerene vrdnosti koeficijenta momenta valjanja uskladene su sa polinomom cetvrtog
stepena po napadnom uglu. Pokazano je da je koeficijent momenta valjanja raketa sa olu¢astim krilima, pri nultom
napadnom uglu, jednak zbiru Koeficijenta momenta valjanja usled Kkrivine olucastih krila i koeficijenta momenta
valjanja ekvivalentnih ravnih krila postavljenih pod istim uglom ugradnje kao i olu¢asta krila.

Kljucne reci: arodinamika rakete, olucasto krilo, momenta valjanja, aerodinamicki koeficijenti, aerodinamicki

derivativi.

Amnann3 ko3 punuerTa MOMEHTa BpallleHAsI pakKeT CO Hape3HbIMU

KNJIsAaMn

W3meperne koacg¢umuenTa MOMEHTa BpallleHHs B a9pOJNHAMAYIECKOR Tpy6Ge OpoBeNeHOo A ABYX MOfeeH pakeT
€O Hape3HLIMH KWISIMHA U JJIS OHOl MOJENHN paKeThl C TIafKuMu (pOBHbIME) KiisiMu. VisMeperne koa(dumaenTa
MOMEHTA BpAallleHusl 7l BCeX MOJieTiel IPOBEEHO M iByX YrioB ycraHosku kuist (0° m 0,8°). MamepeHHbie
BEJIMYAHBI KOo(hAIEHTa MOMEHTA BPAIl[EHNS COIVIACOBAaHbI C MHOTOWIEHOM 4eTBEPTOM CTYNEHW yIiia aTaKw.
3neck NOKa3aHo, 9TO K03t UIEEHT MOMEHTA BpallleHHsI pakeT O Hape3HBLIMHA KIIIMH, IIPH HyJI€BOM YIJe aTaKH,
OfMHAaKOB cyMMe K03(HIMeHTa MOMEHTa BPAI|EHAs W3-3a KPMBOM Hape3HbIX KWiIed 1 Ko3(huIreHTa MOMEHTa
BpaIeHAs S5KBABANCHTHBIX ITTfIKUX (POBHBIX) KIUTei, yCTaHOBIICHHBIX NOJ| TAKAM XK€ YITIOM YCTAHOBKH, IO KaKAM

7 HAPC3HBIC KWJIA.

Karouesvie caosa: aspoguHaMiKa PpaKeEThI,
KOS(I)(I)EIIHCHTI:I, a’3pOTUHAMHAICCKNE NCPUBATUBEL.

Hape3sHOH KWk,

MOMEHT BpallicHWsI, a3pOJHHAMHAYICCKHUEC
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Analyse des coefficients du moment de roulement chez les missiles
aux ailes enveloppées

Le mesurement des coefficients du moments de roulement a été réalisée dans la soufflerie pour deux modéles des
missiles aux ailes enveloppées et pour un modéle aux ailes plates. Pour tous les modéles on a fait le mesurement du
coefficient du moment de roulement pour deux angles de pose des ailes (0° et 0.8°). Les valeurs mesurées du
coefficient du moment de roulement sont accordées avec le polynome a la quatriéme puissance quant a I’angle
d’attaque. On a démontré que le coefficient du moment de roulement des missiles aux ailes enveloppées, a ’angle
d’attaque zéro, est égal a la somme des coefficients du moment de roulement a cause de la courbature des ailes
enveloppées et des coefficients du moment de roulement des ailes plates équivalentes posées sous la méme angle que
chez les ailes enveloppées.

Mots clés: aérodynamique du missile, aile enveloppée, moment de roulement, coefficients aérodynamiques, dérivatifs
aérodynamiques.



