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Prediction of Roll Controllability
of Slender Cruciform Canard Configurations

I. Gur,* J. Shinar,t and J. Romj}
Technion — Israel Institute of Technology, Haifa, Israel

Canard configurations having modular flexibility are attractive candidates for modern guided weaponry. Roll
control of such configurations requires careful aerodynamic design. Elaborate computations are, however,
prohibitive. The paper presents a simplified mathematical model predicting induced rolling moments of slender
cruciform canard configurations with reasonable engineering accuracy. It is based on a classical vortex model
improved by considering tail-body interference both on vortex trajectories and the roll influence function.
Comparison to wind-tunnel data at M=2.25 for small angles of attack was satisfactory. The method can be
extended for higher angles of attack and to include computation of induced forces and lateral moments.

Nomenclature

=body radius

= full span of lifting surface

=lifting surface root chord

=force coefficient=F/QS

=rolling moment coefficient = L/QSd

=body diameter

=aerodynamic force

=induced roll influence coefficient, Eqs. (33)
and (34)

Kgwy, K,y = interference coefficients

Iy =nose length

{, =the distance between the trailing edge of the
canard and the trailing edge of the tail

=rolling moment

= Mach number

=number of successive cross-flow planes for
trajectory calculation

=polar coordinate in the physical plane

=dynamic pressure

=dimensionless coordinate in the transformed
plane

=distance between two vortices

=radius of the circle in transformed plane

=semispan (including body radius)

=reference area

=time

=velocity in the transformed cross-flow plane

=velocity in the physical cross-flow plane

= freestream velocity

= complex potential

=coordinate along body axis

=complex coordinate =y +iz

= spanwise coordinates

=angle of attack

=vorticity strength

=control surface deflection
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= Cartesian coordinates in the transformed
plane

= angular coordinate in the physical plane

= freestream air density

=nondimensional coordinate =X/R

complex coordinate =y + i{

= polar coordinate in the transformed plane

= velocity potential

=normalized potential, Eq. (A12)

=stream function

3
b

€ BB MADT D

Subscripts

=canard
=cross-flow
=induced

= pitch
=roll

=tail

=yaw
=vortex
=initial

-

ok sy o0

Introduction

IGNIFICANT renewed interest has been given to canard-

controlled configurations, due to the modular flexibility
provided by such design. Some of the missions for which the
modular design is attractive require roll stabilization. In the
past canard surfaces were rarely used for roll control. The
asymmetric flowfield created by differential deflections of the
canard fins induces an adverse rolling moment on the tail
surfaces. This induced rolling moment is very often larger in
magnitude than the original one. It has been demonstrated,
however, that by careful aerodynamic considerations roll-
controllable cruciform canard configurations can be
designed.!

There exist today some elaborate methods to compute the
exact flowfield behind the canard surfaces. These numerical
methods require an excessive amount of computation, which
is prohibitive in the preliminary design process.

In this paper a simple mathematical model is presented,
which enables prediction of induced rolling moments of
slender canard configurations with reasonable engineering
accuracy. The simplicity of the model is a consequence of the
following set of assumptions:

1) Control deflections and angles of incidence are small.
Thus, force and moment coefficients can be considered linear.
Moreover, body and leading-edge vortices can be neglected.
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2) The aerodynamic load of each control surface can be
represented by a single fully rolled up infinite vortex and its
image. This assumption requires that the distance between the
canard trailing edge and the leading edge of the rear lifting
surface be greater than the canard’s root cord.2

3) The velocity along the x axis of the body is constant and
equal to the freestream velocity.

4) The tail lifting surface is of very low aspect ratio; thus
the roll influence function can be calculated at the trailing-
edge section.

These assumptions are by no means new. They were used in
the past in several studies. The first relevant work of this
nature was that of Edwards and Hikido.? It was based on a
semigraphical approach which required extreme sim-
plifications: the influence of the rear lifting surfaces on vortex
trajectories was neglected, and roll influence functions were
calculated only for cruciform (bodyless) wings. Both
assumptions may yield, as has been demonstrated recently,*
seriously misleading predictions.

In the 1950’s, several reports were written dealing with the
canard-induced flowfield in cruciform configurations.5’
Their results were synthesized to an applicable methodology
in the excellent textbook of Nielsen.?® Since then, only a few
known works have addressed the problem of induced rolling
moment predictions. Some authors proposed to improve the
mathematical model by representing the canard surfaces by
several discrete vortices. Udelson® presented a closed-form
solution applicable to planar tail-body combinations.

A new methodology was recently introduced by Men-
denhall and Nielsen!® to compute the induced flowfield in
wing-body-tail combinations. Their work is oriented toward
predicting longitudinal aerodynamic characteristics of air-
craft configurations. This rather elaborate method of
computation, based on lifting surface theory, is unfortunately
not directly applicable to cruciform designs. Neither can it be
used to predict induced lateral forces and moments.

In this paper a more simple mathematical model is used,
taking into account, however, the tail-body interference,
neglected in past studies,? both on the vortex trajectories and
induced roll moment influence functions. Predicted results
are compared to wind-tunnel measurements on a slender
interdigitated cruiciform configuration (see Fig. 1).

Mathematical Model

The prediction of the induced rolling moment is carried out
by the following steps:

1) Calculation of the aerodynamic load due to angles of
incidence and control deflection on each of the canard sur-
faces.

2) Computation of the strength and position of the single
vortex representing the load (see assumption 2) and the
definition of the image vortex to satisfy the boundary con-
ditions of ‘‘no flow through the body.”’

3) Calculation of the downstream trajectory of all vortices
in the presence of the body and the tail.

4) Estimation of the rolling moment induced by each of the
vortices on the tail-body combination.

The first two steps are carried out by well-known classical
methods. The last phases are those in which an innovative
approach is introduced, leading to major improvement.

Load on the Canard Surfaces

The aerodynamic load of the canard surfaces is due to three
separate sources:

1) Angle of attack (or sideslip) generating symmetrical
loading on the opposite surfaces (i.e., zero rolling moment).

2) Symmetrical control deflection of a pair of surfaces
creating equal forces and, as a consequence, zero rolling
moment.

3) Differential deflection of the control surfaces resulting
in a net rolling moment but zero total force.
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On the basis of the assumption of small angles (assumption
1), we can assume linearity and superposition:

F(a,8) =F(x) +F(8) (1)
L(a,6) =L () +L(J) )

The control’s deflections are defined as follows (Fig. 2).
Symmetrical deflections in the pitch plane:

8,=(8,+8;)/2 3)
Symmetrical deflections in the yaw plane:
8,=(8,+06,)/2 )
Differential deflections creating a rolling moment:
Sp=1(6,—-6,—06;,+68,)/2 %)

The aerodynamic force due to angles of attack and sym-
metrical deflection in pitch or yaw can be calculated by any of
the conventional methods, taking into account wing-body
interference. The rolling moment was calculated by slender
body theory!! with appropriate corrections for non-
slenderness, as suggested by Nielsen. 8

Representation of the Aerodynamic Load by a
Single Vortex and Its Image

The exact lift distribution of each canard fin is described
rigorously by an infinite number of vortices, distributed along
the span.

In our model the load of each lifting surface is represented
by a single fully rolled-up vortex of strength I'. This very
important simplification is based on the result of Spreiter and
Sacks,’ who compared the wakes of 10 exterior vortices per
fin to the wake of a single one and found a ‘‘remarkably good
agreement at all distances behind the wing.”” The represen-
tative vortex is assumed to originate at the canard surface
trailing edge.

In order to satisfy the boundary condition of ‘“‘no flow
through the body,”” each exterior vortex must have its
‘“‘image’’ of the same strength but opposite direction. The
position of the exterior vortex (y, or z,, respectively) and its
image are related to each other by

Vim=a?/y, Zm =0a2/z, ©6)

The relationship between the normal force and the strength
of the fully rolled-up trailing vortex representing it can be
written for each lifting surface (e.g., a horizontal one) as

F& VspV3SCr=20V,T Iy, ~ (a2/,)] )

The rolling moment created by this normal force is therefore
given by

L& 15pV38dC, =pV,T'y2~ (a*/y?)] ®
The lateral position of the vortex is so chosen that the load

distribution due to angle of attack between the body and the
lifting surface is truly represented, yielding

yu=a[KW(B)/KB(w)] ®)

Fig. 1 Aninterdigitated cruciform canard missile.
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where K, and Ky, are the wing-body interference
coefficients introduced by Nielsen. 8

As a consequence of this choice the load distribution due to
symmetrical control deflection is also represented with a good
approximation.

It has to be noted, however, that Egs. (7-9) do not represent
correctly the aerodynamic load on the body due to differential
control deflection. This error is of minor importance because
this aerodynamic load on the body does not contribute either
to the normal force or to the rolling moment.

The vortex strength is calculated by superposition (see the
first assumption) of the symmetrical and antisymmetrical

contributions:
T r r
)G (B
VO Vo sym Vo asym

The symmetrical contribution includes the effect of the
normal force due to incidence and symmetrical control
deflection:

/T SC
() =—Fer an
VO sym 4(yv-—a )
with
Cr=Cr a+Cpr by (12)

The antisymmetrical contribution is due to the rolling

moment,
T 28dC
(_> =A—L 13)
VO asym 2()/5—(14) ‘

created by the differential control deflection;
CL=Cp, b4 (14)

It is important to note that in a cruciform configuration
differential deflection of one pair of control surfaces has two
effects: 1) creating a positive rolling moment due to the
aerodynamic load distribution on the deflected surfaces, and
2) inducing an adverse rolling moment on the undeflected pair
of surfaces.

Both rolling moment coefficients are given in Ref. 11 and
are based on slender body theory as a function of the ratio
(a/s).

Downstream Trajectory of the Vortices

Once the strength and position of all vortices are deter-
mined by Egs. (6), (9), and (10)-(14), computation of the
downstream trajectory can be initiated.

The three-dimensional motion of the vortices can be
decomposed to 1) movement at a constant velocity V, in the
direction of the freestream, and 2) movement in the cross-
flow plane due to the up-wash created by the angle of attack
and the mutual interference of the entire vortex system, both
in the presence of the tail-body combination.

Neglecting the existence of the tail (which has been done
previously >*) may lead to the nonrealistic result that a vortex
trajectory is intersected by one of the tail surfaces.

In this work the influence of the tail surfaces on vortex
trajectories is taken into account by the following method.
The double Joukowsky transformation,

X?+a*/X?=X2 +R*/x2 (15)

transforms a cruciform wing-body combination of radius a
and half-span s(x) into a circle of radius R (x) (see Fig. 3):

ro=5 () ()T e
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Fig.2 Definition of control deflections.
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Fig.3 Transformation of a cruciform wing-body section to a circle.

y

Fig. 4 Transformed cruciform tail-body combination.

For the cylindrical part of the configuration [s(x) =a], we
have also

R(x)=a 17

Performing a successive transformation along the x axis of
the configuration, a cylindrical body with a varying radius is
obtained (see Fig. 4).

In the transformed domain the boundary conditions (no
flow through the circle) are easily formulated. The image
vortices inside the transformed body, which guarantee to
satisfy the boundary conditions, also guarantee that no vortex
trajectory will ever intersect any of the tail’s surfaces. The
transformation (15) is of course two-dimensional, and the
transformed body is merely a collection of transformed cross-
flow planes. )

The velocity in the cross-flow plane is obtained from
derivation of the complex potential: )

v—iw=dW/dzT (18)
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which is composed of
W= Wi + ch. + Wa (19)

where W, is the potential induced by the vortices

8 8
T,
w=Yw, =) Ezﬂzurjk 20)
j=1 j=1 k=1
k#j
with
ra=%,—I, @

W ;. is the cross-flow potential given by
‘W =—V,sina[Z+ (R?/L)] 22)

and W, is the potential due to varying body radius. If, as in
the present case, the configuration has a cylindrical body (see
Fig. 4), W, is equal to zero.

It is rather inconvenient to express the longitudinal com-
ponent of the velocity in the transformed domain. It is simpler
to transform the cross-flow component of the velocity back to
the physical plane and to add it there to the longitudinal
component. In this retransformation, the influence of each
vortex on its own velocity must be taken into account, as was
indicated by Nielsen,® using the first and second derivatives
of the conformal transformation (15). The transversal
velocity in the physical cross-flow plane is given by

L dr T, d?L/dXx?
=W iy s ey @)

Vortex trajectory integration is carried out step by step,
assuming that the transversal velocity remains constant for a
short period of time, Af:

Ar=1,/nV, (24

n being the number of steps.
The trajectory components are

Ax; =V, (At) = {l,/n) (25)
Ay;=3;(A1) = (3;/ V) - (I,/n) (26)
Az;=W; (A1) = (W;/V,) - (I,/n) @7

Each step carries the vortices to the next tail-body section,
which is again transformed to a circle. These steps are
repeated in successive cross-flow sections along the tail-body
combination until they reach the tail’s trailing edge, where the
roll influence function is computed. An example is shown in
Fig. 5.

Induced Rolling Moment

The rolling moment of a slender configuration can be
derived from the velocity potential of the flowfield & by the
strip theory. 3810 It gives for a single horizontal tail surface

St
L=—pV, Sa (Adrp — AP g )ydy 28)

The expressions for the other tail surfaces are similar. For a
triangular planform (A®), ; =0 and therefore Eq. (28) is
reduced to

St
L=—pVOSa (A®) e ydy (29)
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The velocity potential at the trailing-edge section of the tail
is the sum of the potentials induced by the four pairs of
conjugate vortices (four exterior trailing vortices and their
images). If the cruciform tail-body section is transformed to a
circle using Eq. (15), the nondimensional potential induced by
a pair of conjugate vortices can be easily calculated (as shown
in detail in the Appendix) as

lq,~(l/q,)]sin(¢—¢,)
2—1[q,+(1/q,)]cos{dp—¢,)

2 A=<1>'=tan—1{ } (30)
/2«

The potential is retransformed to the physical domain in
nondimensional form

X' =y +iz' =(y/s,;) +i(z/s)) (€3]

which yields for the horizontal tail surfaces (z=0)

' 4 4
y' 4+ (a/s,)) ] 32)

Yy = 1 -1
o (y') = Vacos [ 27 1(R/s,)?
and a similar expression for the vertical tail surface (y =0).
For each coordinate y’ (or z’), two values of ¢ are ob-
tained. The positive value corresponds to the upper surface of
the tail and the negative one to the lower surface. The non-
dimensional potential difference at any point is given by

AR () =P [e(¥)] -2 [0 ()] (33)

Integration is carried out mainly for numerical convenience
in the physical plane. Substituting Eq. (32) and its equivalent
into Eq. (30) leads to the following formula for the rolling
moment induced on the cruciform tail-body combination by
each pair of vortices:

T. 1 1
L,=pV,s7-+ “ A@’(y')y’dy’—g AP’ (z")z'dz’
27 als; Ja/s,

—1 ~1
o s oyar - avezar] e
—HSI

—a/s;

This induced rolling moment can be represented by a
nondimensional roll influence function defined as

L2 pV,s¥(T;/2m)F, 35)

with F, being the sum of the four integrals in the brackets in
Eq. (34). The value of F, is determined by the position of the
vortex (y,, z,) in the normalized coordinate system of the
cruciform tail-body combination.

Once the induced rolling moment is calculated, the total
rolling moment due to differential deflection of the canard
control surfaces can be obtained by Eqs. (8) and (35):

4

T. yg___a‘i s2?

L=L0+Li=1/2Psz)E (I_/L) (1—2_>+—’ch> (36)
=1 0 yvj T

The expression in the brackets indicates the roll con-
trollability of the configuration. As it can be seen by in-
spection of Eq. (36), this controllability is strongly influenced
by the value of the influence function. The characteristics of
this function deserve detailed discussion in a separate section.

Influence Function Maps

As the value of the induced roll influence function F,
depends only on the nondimensional position of the vortex
and on the lower limit of the integral in Eq. (34) a/s, (the
radius/semispan ratio at the tail trailing edge), maps
exhibiting lines of ‘‘iso-F.’’ can be constructed for each given
value of this parameter. The construction is rather simple.
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Fig.5 Typical vortex trajectories.
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Fig. 6 Roll influence map, a/s, =0.1.

Due to considerations of symmetry in cruciform tail-body
section, computation of F, is carried out only for one octant.
As indicative examples two such maps are shown in Figs. 6
and 7 for values of a/s, =0.1 and a/s, = 0.35.

By inspecting these maps, some important conclusions can
be obtained, providing insight into the complex phenomenon
of the induced roll.

1) The roll influence function F, due to a pair of conjugate
vortices is always negative, i.e.; the induced rolling moment is
adverse.

2) The value of F, on the body is always zero because in
this case the conjugate vortices cancel each other [see Eq.
6)1.

3) Along the fins F,. has a strong gradient which is in-
creasing toward the wing tip, where the value is theoretically
infinite.

4) Along the line of symmetry between the fins, the ab-
solute value of F, is monotonically increasing, with the
distance from the body reaching a limit.

5) The maximum of the absolute value of F, (for vortex at
infinity and its image at the center of the body) depends only
on (a/s,). This dependence is depicted in Fig. 8. For the ratio
a/s, approaching zero, the value obtained (—2.0) is
equivalent to the result of Edwards and Hikido? obtained for
cruciform wings.

6) Comparing Figs. 6 and 7 and inspecting Fig. 8 leads to
the conclusion that the influence of the body on the roll in-
fluence function cannot be neglected. A larger body reduces
significantly the induced rolling moment.

7) The value F, for vortices near the tail surfaces is rather
sensitive to the exact position, as can be seen in the cross plot
presented in Fig. 9 for constant radials. It indicates that small
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al/sy =0.35

zlsy

12
0 02 04 06 08 10 12 y/g,

Fig.7 Rollinfluence map, a/s, =0.35.

| | | L e
1

0 0.2 0.4 0.6 0.8 0 a

St
Fig.8 Dependence of F, ona/s, at the line of symmetry.

Fe G/St=o.35

-2.0

T

-1.6

pla

Fig. 9 Dependence of F_ on the vortex position for constant radials
(a/s, =0.35).

changes in angle of attack or sideslip can induce strong
variations of the net rolling moment—situation that has to be
avoided for efficient roll control.

These conclusions can be most useful in the aerodynamic
design of a canard-controlled configuration. The influence
maps themselves can serve as convenient tools in the
preliminary phases of design.

Computation Example and Comparison to
Wind-Tunnel Tests

To verify the accuracy of the mathematical model and
computational procedure described in the previous section, an
example for which relevant wind-tunnel test data exist was
chosen. It happened to be an interdigitated cruciform canard
missile with slender delta lifting surfaces. Wind-tunnel tests of
such a configuration, very similar to the one shown in Fig. 1,
were described in detail in a previous paper.*
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The main characteristics of the configuration can be
summarized as follows:

body slenderness ratio l/d=13.8
canard aspect ratio AR, =1.68
canard semispan ratio a/s,=0.44
tail aspect ratio R, =0.91
tail semispan ratio a/s,=0.35
relative trailing edge distance l,/c,=5.1

This configuration was tested in the 40 x 50 cm supersonic
wind tunnel of the Aeronautical Research Center at the
Technion—Israel Institute of Technology. More than 40 test
runs with different combinations of control deflections were
carried out at Mach number 2.25 in the range of small angles
of attack. The accuracy of the experimental data relating to
rolling moment measurements has been estimated to be about
5-10%.

The computer program, which had been developed im-
plementing all phases of induced rolling moment prediction
described in this paper, was used for the existing data points.
One computer run (for a given configuration at a fixed angle
of attack) required less than 3 s c.p.u. on a CDC 6500.
Comparison between experimental data, the predicted results
obtained by both the present model, and the model of Ref. 3 is
shown in Figs. 10 and 11 for vertical and horizontal canard
control deflections, respectively.

Inspection of these figures indicates that the comparison
can be considered more than satisfactory. Especially if one
takes into account that Eq. (36) gives the resultant rolling
moment as the difference between two larger quantities. The
improvement achieved by the present method in comparison
to that of Ref. 3 is obvious.

) =0°A} R
R wind tunne! data
bg=6°0
5 —6"{_ present model
L/Q R™" -~ Retf.(2)
10k
0.8 [u}
TVG o
[al
ol s
DTQ\%DG DDDDDDo,EE ooopoD /,/
~ i
~ rs
\\\\\ 0.2 /////
o KW
a b Y
al Al - AA?A ' IAAAAAA!\

[-Y
-50 -40 -30 -20 -1.0 0 10 20 30 40 50 aldeg)

Fig. 10 Comparison of predicted rolling moment to experimental
data for vertical canard deflection.

5R=6°
L/Q sss wind tunnel data
present model
08r ~—— Ref. (2)

4 LN 4

Ao L 1 // 1 1 1 I
—sy-x..o =36 -20 -10 © 10 20 30 40 \50 alded]
/7
/

N

, -0.2} .

N\

Fig. 11 Comparison of predicted rolling moment to experimental
data for horizontal canard deflection.
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Concluding Remarks

This paper presents an efficient computational method to
predict the roll controllability of slender cruciform canard
configurations. Comparison to experimental data has shown
thar the prediction is of good engineering accuracy. The
satisfactory precision is due to two important improvements
introduced into the mathematical model: 1) computing the
trailing vortex trajectories under the influence of the tail
surface; and 2) considering body interference on the rolling
moment induced at the tail section.

The insight provided by the simple mathematical model and
the nondimensional roll influence maps into the complex
phenomenon of induced rolling moment makes this
methodology very attractive for preliminary aerodynamic
design of canard controlled configurations. The basic model
also has an inherent capability, which has not yet been used,
to predict induced lateral moments and forces due to canard
deflection and angle of attack (or sideslip).

The simplifying assumptions and the experimental data
used for comparison limit at the moment the domain of
validity of the presented computation scheme to siender
configurations and small angles of attack. The approach has,
however, a definite potential for extension and further
development. It can be used for higher angles of attack by
adding appropriately computed body and leading-edge
vortices. For configurations with no slender tail surfaces,
computation of the roll influence function, performed by
some more elaborate method, can be incorporated into the
prediction procedure. Each type of extension requires,
however, validation by comparison to experimental data.

Appendix: The Potential Induced by a
Pair of Conjugate Vortices on a Circle

A vortex of strength T', placed at a point I, induced at any
other point ¥ in the plane a complex potential:

W=i(T'/2x)m(Z—L,) (AD)

If there is a solid circle of radius R at the origin in the
flowfield, an image of this vortex has to be placed at , inside
the circle satisfying

L, =R?/%, (A2)

The strength of the image vortex is —I'.
The potential due to both vortices is

W=i(I'/27) [l (E—Z,) —(E-Z,)1] (A3)
The potential induced on the circle of radius R (representing
the contour of a cruciform tail-body combination) can be
computed by substituting the valuesof X, Z,, and L:
o,=L,/R=q,explip,]
o;=L,/R=(1/q,)expli¢,]
o=L/R=explip] (A4)

into the equation of the potential (A3). Then

W=i(I'/27) {é[R exp(i®) —Rq, exp(i¢,)]

—m[R exp(id) — (R/q,)exp(id,) 1] (AS)
Using the identity
exp (i¢p) =cose + ising (A6)
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gives:
W=i(T'/27) {fn](cosd —q, cOs¢,) +i(sinp—gq, sing,)]
—t[(cosp— (1/q,)cos$,) +i(sing— (1/q,)sing,) ]} (AT)
A second identity
L=n+it=vnl+{Zexplitan 7 ({/n)] (A8)

yields

W=i£ Ku{[(cosqb—qu cos¢,)? + (sing —gq, sing,)?] ’/II
27

-€Xp [i tan ~/ <—-—~———Sin¢—q” sind, )]

cosp —q, coso,

] coso~ o)+ s = L ane. )]

v v

) . . sing— (1/q,)sing,
exp [1 tan ( cos¢— (1/qg,)cose, >] (A9)

The complex potential is defined as
Wae+iy (A10)

where & is the potential and ¢ is the stream function.
Therefore, the potential ® is given by

sing —q, sing,
cos¢p —q, cose,

_, sing—(l/q,) sing, ]

T
P=Re(W)=— — [tan—’
2

—ta All
cosp— (1/q,)coso, (All)
yielding after some trigonometrical manipulation,
T -1 i —
@:——tan"{ lg,—(I/q,)]sin(¢—¢,) } (A12)
27 2—1[g,+(1/q,)]cos(d¢—¢,)

J.SPACECRAFT

The normalized potential function
®

&= ——
/2% (AL3)

is obtained finally as

— (1 i —
[g,— (1/q,)]sin(¢—¢,) } (A14)

e -1
® tan {2—[qv+(1/qu)]COS(¢—¢>v)
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