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Theoretical Prediction of Roll Moment
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A computational scheme capable of making an accurate prediction of roll moment for a wing-control con-
figuration is presented. The panel method is employed to solve the subsonic potential flow. The trailing vortex
sheet shed from the wing is modeled by a bundle of vortex filaments, and the distortion of the vortex sheet is
determined by coupling the panel method with an iterative technique. Calculated roll moment for the wing-
control configuration of in-line tail arrangement is compared with the measured data, and satisfactory agree-
ment between them is obtained. Since the adopted scheme has been proven accurate, it is applied to investigate
the effects of missile configurations of the roll moment. This investigation focuses on the following: 1) the prob-
lem of the roll moment of the interdigitated tail arrangement, and 2) an analysis of the effect of tail span ratio to
the adverse roll moment induced upon tail surfaces.

Introduction

AWING-CONTROL configuration consisting of forward
wings and tails is used in many types of guided missiles

because of its fast aerodynamic response and the advan-
tageous location of servo mechanisms.1 However, several
flaws associated with wing-control configurations must be
carefully considered at the design stage. The most severe of
these is roll controllability. Free-wake vortices shed
downstream from deflected wings induce an adverse roll mo-
ment on tail surfaces. The roll control moment generated on
the wings is, in some cases, completely canceled out by the
adverse moment, and thus roll stabilization by the wing-
control configuration is not achieved. In order to predict the
roll moment of the configuration, the distortion of the trailing
vortex sheet should be calculated as precisely as the pressure
distribution on the wing surfaces and the vorticity distribution
on the sheet. In the simplest procedure, the free-wake vortices
are represented by an integrated vortex filament of a straight
line whose location is assumed, and the induced lift on a tail
surfaces is obtained.2 Shinar3 and Gur et al.4 extended this
procedure for canard-control configurations at supersonic
range within small angles of attack. Recent advances in com-
puter software and hardware make it easy to model a more
realistic flow. Dillenius et al.5 have developed the missile
aerodynamics prediction programs that include methods to ac-
count for the effects of forward fin wakes on the afterbody
and tail fins. Their results of the roll moment computation at
supersonic range were compared rather satisfactorily with the
experimental data. Recently, we have developed the missile
aerodynamics prediction program9 of subsonic range applying
the panel method of subsonic potential flow. The program is
applied in predicting the roll moment of a wing-body-tail con-
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figuration. Within a range of not large angles of flow in-
cidence or wing deflection, the flow separation does not occur;
thus modeling of potential flow can be regarded as adequate.
Free-wake vortices shed from deflected wings are transformed
into several vortex filaments. In other words, the distortion of
the trailing vortex sheet can be represented by that of vortex
filaments. The location of a wake vortex filament can be
determined by an iterative procedure satisfying the boundary
condition of solid surfaces for each onset of flow.7 Some im-
provements to accelerate the rate of convergence are made in
determining the location of the vortex filament. The results of
calculation are compared with data taken from Sekaran's ex-
periment8 for the wing-control configuration, and the agree-
ment is satisfactory within the range of moderate angles of
flow incidence. Then two topics concerning the configuration
design are addressed. One of them is the comparison between
an in-line tail configuration and an interdigitated one; the
other is the effect of the span ratio of tail to wing.

Calculation Model Description
The configuration shown in Fig. 1 is adopted as a typical

model of a wing-control missile. The streamwise cross section
of wings and tails are both of diamond shape. This choice, be-
ing identical to that employed in Sekaran's experiment,8 will
facilitate an appropriate comparison between the results of
our calculation and the experiment.

Calculation Procedure
Solution Method

An inviscid, irrotational, compressible, steady flow is
assumed. Applying the approximation of linearity, the elliptic-
type partial differential equation of perturbation velocity
potential is derived for a subsonic flow. This equation can be
reduced to the Laplace equation of the velocity potential with
the aid of the coordinate transformation. This means that any
subsonic compressible flow can be reduced to the correspond-
ing incompressible flow within a limit of the localization ap-
proximation. In the following, only an incompressible flow is
discussed, and this reduction of the problem is convenient in
the comparison of the results of our calculation and Sekaran's
experiment.
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Our solution method is based on Morino et al.,6 and the
details of the method are neglected in the following. The basic
equation is the integral equation of the velocity potential on a
body surface,

*(e)lMQJ-| ——

dn(Q)

dS (1)

where the frame of reference is defined, as shown in Fig. 2,
such that the x axis is parallel to the undisturbed uniform flow
velocity U^ and inclined to the body axis by an angle a. In the
figure, P is an observation point on a body surface SA; Sw the
wake vortex sheet which emanates from the trailing edge Cw,
Q an evaluation point in integrating on the surfaces; R the
distance between P and Q; and n an outward normal unit vec-
tor. In Eq. (1), A</> is the potential jump across the sheet given
in accordance with the Kutta condition and jj means taking
the principal value of the integral where R = 0.

In order to obtain a numerical solution of Eq. (1), the body
surface SA and the wake vortex sheet Sw are divided into
quadrilateral panel elements Lk and £/, respectively. In each
of the body surface elements, </> is represented by its value at
the centroid Pk of the element. The collocation method is ap-
plied, in which Eq. (1) is made compatible at a centroid Pk=h
of each element Lk. This yields

(2)

where the summation rule for k is preserved, and dhk is
Kronecker's delta and m the number of the body surface
elements. Chk> bhk, and Whk are the influence coefficients
defined by the following equations:

Ci,if ~~

(3b)

(3c)

Chk and bhk are evaluated by taking the principal value of the
integral where h = k. Whk is evaluated only for the elements E^
that are in contact with the trailing edge and summing up the
contributions from all the elements comprising a wake vortex
sheet T,k,. The upper (lower) sign in front of the integral for
Whk must be used for the upper (lower) side of the wake sheet.
The flowfield </> is obtained by solving the linearized Eq. (2).
Once the value of </> on the body surface is determined, the
flow velocity V(P.h) is computed by the following:

V(Ph)=[Chk+Whk}

where
(5a)

(5b)

(5c)

The pressure distribution is obtained from the resultant veloc-
ity V(Ph) and U^ by applying Bernoulli's theorem.
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Fig. 1 Schematics of wing-controlled missile configuration.
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Fig. 2 Coordinate system.
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Fig. 3 Trailing vortex sheet modeling.
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Fig. 4 Modification of line segment location.

Location of a Trailing Vortex Sheet
A trailing vortex sheet is represented by a potential jump A<£

which is constant over the sheet, and the potential jump is
equivalent to a constantly distributed doublet sheet. In the
potential flow theory, a constantly distributed sheet is
replaceable by a closed vortex sheet filament ring surrounding
the sheet. In our case, a trailing vortex sheet emanates from
only a wing trailing edge. When the wing surface is divided
into n streamwise column panels on the upper and lower side
(in Figs. 3 and 7a, n = 4), the trailing vortex sheet is composed
of n semi-infinite sheets in which constant strength doublets
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are distributed respectively. Thus, the trailing vortex sheet can
be modeled by a set of w + 1 discrete vortex filaments as shown
in Fig. 3. The vortex filament must run along the local flow
direction. Since a vortex filament has been divided into line
segments in this study, each segment must be located so as to
run in parallel with a local flow vector. When the starting
point (xjt yjt Zj) of the line segment is given, a terminal point
(*/+1 > yj.+1» Zj+i) is determined as follows:

u +v
(6a)

(6b)

where the x coordinate is assigned and fixed.
In the panel method, all locations of the sources and

doublets must be specified when the governing Eq. (2) is ap-
plied to determine their strength. The locations of the body
surface elements may be fixed throughout all stages of the
composition. However, since the initial locations of the vortex
filaments cannot be specified, they must be assigned arbitrar-
ily at the initial state. In this study, the vortex filaments are
assumed to be a straight, semi-infinite line running almost
along U^ vector but not intersecting the body or the wings.
After the strength of all sources and doublets on the body sur-
face elements is determined, the strength A</> of the doublets
on the wake vortex sheets can be specified in accordance with
the Kutta condition of the trailing edge of the wing. Then, all
(n) wake sheets are divided into quadrilateral panel elements
of which two streamwise sides are identified with the line
segments of the vortex filaments as shown in Fig. 3. Then
relocation of the vortex filaments is done on every center point
of the line segments using Eqs. (6a) and (6b). The flow velocity
vector (vx> vy, vz) is calculated with the above-mentioned
strength of sources and doublets using Eq. (4) at P = PJm At
this stage, the technique shown in Fig. 4 is efficient at ac-
celerating the rate of convergence of the line segment location.
When the vortex filament line segments are modified from the
upstream-most segment, adjacent to the trailing edge, the
vortex filament is assumed to be a straight, semi-infinite line
(step 1). In the calculation of the direction of the next seg-
ment, the downstream segments are assumed to be straight
and parallel to the direction of the element just upstream (step
2). The very same procedure is repeated for the rest of the line
segments (step 3 and step 4). These procedures are approx-
imate ones because the downstream segments generally are not
straight. But the error resulting from the assumption is small
and permissible for the economy of computation time. At the
next stage, we calculate again the strength of all sources and
doublets with the relocated wake vortex filaments. This pro-
cess is iterated until the discrepancies are sufficiently small.
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Fig. 5 Roll moment variation of the tail-off configuration for
horizontal wing deflection, 6 = 4 deg.

Results and Discussion
Comparison Between Calculation and Experiment

The computational results obtained in the present work are
shown compared with the corresponding experimental results
performed by Sekaran.8 The control-wing deflection angle 6 is
fixed at 4 deg. In Fig. 5, roll moment variation of the tail-off
configuration for horizontal wing deflection is shown. In Fig.
5 and in the following roll moment, Cl is defined as follows:

(7)
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Fig. 6 Roll moment variation of the total body configuration for
horizontal wing deflection; in-line tail arrangement, 5 = 4 deg.

Fig. 7a Panel division of the missile and the trailing vortex sheet for
horizontal wing deflection, 6 = 4 deg, a = 4 deg.

Fig. 7b Cross-sectional view of the trailing vortex sheet at aft end of
the body; horizontal wing deflection 6 = 4 deg, a = 4 deg.
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Fig. 8 Roll moment variation of the tail-off configuration for ver-
tical wing deflection, a = 4 deg.
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Fig. 9 Roll moment variation of the total body configuration for
vertical wing deflection; in-line tail arrangement, 5 = 4 deg.
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Fig. 11 Comparison of the computed roll moment between the inter-
digitated and in-line arrangement, 5 = 4 deg.

Table 1 Contributions of roll moment of total
body configuration for horizontal wing deflection;

in-line tail arrangement, 5 = 4 deg, a = 0 deg

1 control wings
" 1 vertical wings

1.623
-0.438
-0.528

-c,1 total 0.662

Table 2 Compositions of induced roll moment on tails for
horizontal wing deflection; in-line tail arrangement, 5 = 4 deg

0 deg 2 deg 4 deg

- Cl total
^^" 1 induced horizontal
AC"i induced vertical

0.662
-0.525
-0.003

0.663
-0.525

0.002

0.669
0.516
0.006

Fig. 10 Cross-sectional view of
the trailing vortex sheet at the aft
end of the body; vertical wing
deflection, 5 = 4 deg, a = 4 deg.

where £ is roll moment around the x axis, Db the diameter of
the body, and q^ the dynamic pressure of the flow. The
calculated results agree well with the experiment, within a
reasonable degree of accuracy in a range of |a| < 6 deg. The
roll moment of the total body configuration for horizontal
wing deflection is shown in Fig. 6. In this case the tails are ar-
ranged in-line with the wings. The agreement between the
calculation and the experiment is satisfactory at a range of \a\
<4 deg, but poor at |a| =8 deg. This difference seems to be
inevitable, since that of the tail-off configuration becomes
considerable at the same incidence angle (see Fig. 5). The
calculated results are dropped at |a| =6 deg; the reason for
this is explained below. Figure 7a shows the panel division of
the total body (1174 panels) and the distortion of the trailing
vortex sheets (176 panels) at a. = 4 deg, while Fig. 7b shows the
cross-sectional view of the vortex sheet at the aft end of the
body. The vortex filament at the innermost position is at-

tached to the body surface. The innermost filament of a
straight line is identified with the side of the body panel
elements. Therefore, if the location of the filament is cor-
rected at every iteration, the body panels must also be rear-
ranged accordingly. In our analysis, the innermost filament is
fixed at the initial position for the economy of computing
time, since the circulation of the filament and its influence on
the induced moment is minimal. This approximation was
justified by the following fact. The difference in the roll
moments between two cases, where the locations of the inner-
most filaments differ considerably, is negligibly small, and the
locations of other outer filaments converge to the same posi-
tions, respectively. In Fig. 7b the wings are deflected to
generate a clockwise roll moment. The trailing edge of the
horizontal left wing is moved down and that of the horizontal
right wing is moved up. The left innermost filament emanating
from the trailing edge of the left wing runs along the lower sur-
face of the body, and the right innermost filament from the
trailing edge of the right wing runs along the upper surface of
the body. Then the left trailing vortex sheet stems from the
lower position of the body and the right one stems from the
upper position. Since a>0, the incident flow washes upward
and the outer parts of the sheets moved upward. The contribu-
tions of all wings and tails to the total roll moment are shown
in Table 1, where it is found that all panels, except the
horizontal control wings, contribute to the reversed roll mo-
ment. The compositions of induced roll moment on the tails
are shown in Table 2. The induced roll moment on the tails
amounts to about 40% of the total moment on the wings.
Computation time for a typical incidence angle is about 20
min with an IBM 3081.

It is also possible for the trailing vortex sheet shed from the
wing to go through the tail. In Fig. 6, at a. = 0 — 4 deg, the left
vortex sheet goes below the tail as shown in Fig. 7b, and at
a = 8 deg it goes above the tail. At a = 6 deg, the inner three
vortex filaments go below the tail, while the outer two go
above the tail. Thus the vortex sheet intersects the tail between
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the third and the fourth filament. Singularity of the flow on
the tail surfaces can be avoided where a new division of the
surface panels is added on the intersecting lines. We did not
succeed in trying this new algorithm, since convergence of the
location of the intersecting lines was not realized. This is the
reason the calculated results of a. = ±6 deg are dropped in Fig.
6.

Pitch control of a missile is assigned to the horizontal wings,
and in some cases roll control is assigned to the vertical wings
to decouple the control functions. Figure 8 shows the roll mo-
ment variation of the tail-off configuration and for the ver-
tical wing deflection. Reasonable agreement between the
calculation and the experiment is obtained. The tails are ar-
ranged in-line with wings in this case. Agreement between the
calculation and the experiment is moderate, except at a = 8
deg. Discrepancies between these two at a= -2 and 0 deg
seem to be not due to the calculation. In spite of the identical
configuration and flow condition at a = 0 deg, the experimen-
tal results differ rather noticeably, as shown in Figs. 6 and 9.
On the other hand, the calculated result of the roll moment for
the case of vertical wing deflection is identical with that for the
case of horizontal wing deflection. Of course, the difference
between the vertical and the horizontal wing increases with | a\
value. Figure 10 shows a cross-sectional view of the trailing
vortex sheet for vertical wing deflection at the aft end of the
body. As shown in the figure, the outer tip of the lower sheet is
very close to the tail. This distortion of the vortex sheet causes
a strong reversed roll moment on the tail, resulting in a larger
decrease of the total moment.

Effect of Tail Arrangement on the Roll Moment
An interdigitated tail arrangement has been recommended

to prevent reversed roll moment from being induced on the tail
surfaces.3 Since the trailing vortex sheets run remote from the
tails in this arrangement, the reversed roll moment is expected
to lessen. In Fig. 11, a comparison is made of the calculated
roll moment between the interdigitated and the in-line tail ar-
rangement. The wing and tail planform remains unchanged
for both of the arrangements as shown in Fig. 1. As expected,
the roll moment for the interdigitated tail arrangement is
larger than that for the in-line tail arrangement. But the dif-
ference between them is not appreciable. Figure 12a shows the
trailing vortex sheets for the interdigitated tail arrangement,
and Fig. 12b is a cross-sectional view at the aft end of the
body. In this case, the horizontal control wings are deflected.
The cross-sectional view of the trailing vortex sheet in Fig. 12b
differs appreciably from those for in-line tail arrangement
shown in Figs. 7b and 10.

Effect of Tail Span Ratio on the Induced Roll Moment on Tails
As was mentioned, when the outer tip of the trailing

vortex sheet gets close to the tip of a tail, there occurs an ap-
preciable effect on the induced roll moment on the tail sur-
faces. The effect of tail span ratio on the induced roll moment
on the tails is calculated for the configuration shown in Fig. 1.
The original span ratio of the tail to the wing for this con-
figuration is just 0.8. In our calculation only the tail span is
varied keeping the other parts of the configuration un-
changed. As similarity of the tail planform is preserved, the
aspect ratio of the exposed tail part remains constant. The
area of the exposed tail is proportional to the second power of
(ST-Db)/Sw> where ST and Sw mean the span of the tail and
the wing, respectively. The result of the calculation is shown in
Fig. 13. It is found that the induced roll moment decreases
remarkably with the tail span ratio. From the viewpoint of ef-
fective roll control, it is recommended that the tail span ratio
should be kept as low as possible. In the case shown in Fig. 13,
the adverse roll moment induced on the tail exceeds the roll
moment generated on the wings of ST/SW- 1.0. In order to
preserve enough margin for the pitch stability, the tail span
ratio should be larger than a threshold. This indicates that a

Fig. 12a Panel division of the
missile and the trailing vortex sheet
for the interdigitated tail arrange-
ment, 6 = 4 deg, a = 4 deg.

Fig. 12b Cross-sectional view of the trailing vortex sheet at the aft
end of the body; interdigitated tail arrangement.

Fig. 13 Effect of the tail span ratio upon the induced roll moment on
tails; in-line tail arrangement, 5 = 4 deg, a. = 4 deg.

missile configuration designer must often pursue a narrow
range of tail span ratios where the effectiveness or roll control
is compatible with the margin for the pitch stability. The
calculation method presented in this paper has proven very ef-
ficient for predicting the roll controllability.

Conclusion
A computational scheme capable of making an accurate

prediction of roll moment for a wing-controlled missile at sub-
sonic range was presented. The panel method solution of
potential flow was obtained and extended to calculate the
distortion of the trailing vortex sheet and the roll moment in-
duced on the tail surfaces. The results of the roll moment
calculation were compared with Sekaran's experimental data,
yielding the satisfactory agreements about horizontal and ver-
tical wing deflection for tails in-line with wings. The effect of
tail arrangement to roll moment was calculated. It was also
found that the roll moment for the interdigitated arrangement
of the wings and tails were slightly larger than that for the in-
line arrangement. The effect of tail span ratio on the roll mo-
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merit was evaluated by varying only the tail span and keeping
the other parts of the configuration unchanged. As a result, it
was found that the adverse roll moment induced on the tails
decreased remarkably with the tail span ratio. Thus, it may be
concluded that the span ratio should be kept as low as possible
in order to acquire an effective roll control.
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