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Effects of the Roll Angle on Cruciform Wing-Body
Configurations at High Incidences

J. Meyer*
Technion—Israel Institute of Technology, Haifa, Israel

Three criiciform wings were tested on a body at five roll angles and up to three longitudinal positions in a low-
speed wind tunnel, up to an angle of attack of o. = 90 deg. The roll angle affects significantly the fin normal force
coefficient. The normal force on the upper fins decreases to zero, at 0. > 40 deg, possibly because the vortex break-
down on the lower fins induces separated flow over the upper fins. As a consequence, a strong rolling moment is
induced at these incidences at asymmetric roll angles. This rolling moment is independent of the wing axial posi-
tion but proportional to the wing planform area, similarly to the fin normal force coefficient. This rolling moment
is much larger than the rolling moment induced on symmetrical configurations by the asymmetric body vortices.
The wing contribution to the side force is small compared with the body contribution at zisymmetric roll angles. As
a result, the maximum side force is not higher than that obtained at symmetric + and X attitudes.

Nomenclature
Cy  =normal force coefficient, based on area S,
Cn, =fin normal force coefficient, based on area S,
Cni =fin normal force coefficient, based on area §*
C, =yawing moment coefficient, based on area S, and
diameter d ‘
Cr  =rolling moment coefficient, based on area S, and
diameter d .
CF  =rolling moment coefficient, based on area S* and
diameter d \
Cy  =side force coefficient, based on area S,.¢
d =body diameter; reference length for moment
coefficients, m
Re; =Reynolds number, based on diameter d
S =body maximal cross section; reference area for force and
moment coefficients, unless otherwise defined, m?
Sw  =planform area of one pair of joined wings, m?
$*  =one fin planform area; reference area for Cy}*
and Cf ,m?
X =fin longitudinal center of pressure, measured from the fin
root chord apex, m
X, =main normal force center of pressure, measured backward
from the moment reference center, at 4.5d from the body
) nose, m
Yep, =fin lateral center of pressure, measured from the root
chord, m
o =model angle of attack, deg
0 = azimuthal angle, measured clockwise from the windward
edge of the body when looking forward, cf. Fig. 1, deg
¢ =model roll angle, positive clockwise when looking
forward, zero at + attitude, cf. Fig. 1, deg
Subscripts )
B =value of a coefficient for the body alone
* B(W) =body contribution to a coefficient
W(B) =wing contribution to a coefficient

Introduction

N increasing number of aircraft and missiles fly at high inci-
dences either to develop high lift or because of imposed flight
trajectory. Such a case may be found for vertical launch vehicles,
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where high angles of attack are reached during the launch phase.!
In such a trajectory, arbitrary roll angles may be encountered, due
to wind velocity or arbitrary target azimuth. A combination of high
angles of attack and asymmetrical roll angles produces high lateral
aerodynamic coefficients, sach as side force, yawing moment, and
rolling moment.

Many studies have been conducted on high-incidence character-
istics for bodies, wings, or symmetrical wing-body combinations,
giving details on the vortex lift, the vortex breakdown, and interac-
tions between wing and body vortices.>* Many studies have also
been conducted on out-of-plane or lateral aerodynamic character-
istics for symmetrical configurations, giving details about asym-
metric vortices developed on bodies™® and proposing methods for
reducing them.>-1?

However, much less has been reported about asymmetric loads
on configurations at asymmetrical roll angles. For such configura-
tions, some of these forces are not due to asymmetrical vortices
shed along the body but are induced by deterministic loads, result-
ing from flow separation on some of the fins.

The purpose of this work is to analyze the aerodynamic coeffi-
cients of wing-body configurations, especially asymmetric loads at
asymmetric roll angles. For this objective, three cruciform wings
were tested on a body at five roll angles and up to three longitudi-
nal positions. In that way, the effect of the roll angle, together with
the influence of the wing area and position, was analyzed.

Experimental Installation

The tests were conducted at the Technion 1X1 m low-speed
wind tunnel at a Mach number of 0.1 and a Reynolds number of
Re,=1X 10 at incidences up to o = 90 deg.

The model, of diameter d = 0.046 m, had a pointed tangent ogive
nose of fineness ratio 2, a circular cylindrical afterbody, and a total
length of 10d; see Fig. 1. Three cruciform wings—A, B, and C—
were added to the body. They had the same exposed semispan
(1.54), the same leading-edge sweep angle (63.4 deg), and no trail-
ing-edge sweep. Their taper ratios were 0, 0.14, and 0.25, respec-
tively; their exposed surfaces (i.e., the surface of one pair of fin
panels joined at their root chord) were Sy, = 4.5d2, 642, and 7.5d°,
respectively; and their exposed aspect ratios were 2, 1.5, and 1.2,
respectively. The thickness of the wings was 3 mm. The wings’
leading edge, side edge, and trailing edge had a bevelled shape
with an angle of 10 deg.

The wings were added to the body with their apex at the same
position (4.5d from the body nose, referred to as the midposition).
Wing B was also set up with its apex at 2.4d from the body nose
(fore position) and at 6.0d from it (back position). The moment
reference center was located at 4.5d from the body nose for all
wing positions. No transition trips were used in these tests; there-
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Fig.1 Details of the model.

fore the boundary layer is expected to be mainly laminar at high
incidences, where symmetric or asymmetric vortices are shed from
the body. :

These wing-body configurations were tested at five roll angles:
¢ =0, 11, 22.5, 34, and 45 deg, where ¢ = 0 deg refers to the “+”
attitude, ¢ being positive clockwise when looking forward; see
Fig. 1. At the + attitude, fin 1 is the vertical fin on the lee side of
the body, and fins 2 and 4 are horizontal, fin 2 being at the left
side, when looking forward. The circumferential position of each
fin is denoted by the azimuthal angle 8, measured clockwise from
the windward edge of the body when looking forward.

The model was mounted on a sting support, as shown in Fig. 2,
which presents minimal interference at the high-angle-of-attack
regime.® Aerodynamic forces and moments were measured by a
main six-component internal strain-gauge sting balance, as well as
secondary internal strain-gauge balances (measuring normal force,

pitching, and bending moments) for each of the four fins. The
aerodynamic coefficients were normalized by the body cross-sec-
tional area S, and its diameter d, unless otherwise defined. Main
coefficients refer to the unrolled body axis system, but the fin nor-
mal force coefficient Cyy is always directed normal to the fin, as
seen in Fig. 1. The accuracy of the main balance is 0.2, 0.15, 0.1,
and 0.4 for the normal force coefficient Cy, the side force coeffi-
cient Cy, the rolling moment coefficient Cp, and the yawing
moment coefficient C,, respectively, and 2% for the center of pres-
sure X, The accuracy of the secondary balances is 0.01 for Cy,
and 0.45 and 0.25% for the longitudinal and lateral centers of pres-
sure Xy and Y., Tespectively.

Fin Loads

The fin normal force coefficient Cy,, is presented in Fig. 3 for
the wing B at midposition and ¢ = 0 deg (+ attitude). The normal
force coefficient on the horizontal fins increases up to a= 35 deg,
where the wing vortex breakdown occurs, as teported’ for a 65-
deg-swept delta wing: At higher incidences, after some decrease as
a result of the breakdown, Cn,, remains generally constant with o,
as already reported for a flat plate at incidence.!? Its center of pres-
sure moves forward and inward at o < 20 deg, as a result of the
vortex lift on the fin, then backward at the vortex breakdown,?
until it reaches the longitudinal planform area center at o. = 90 deg,
as predicted by the crossflow theory.!* The incidence range o < 35
deg clearly corresponds to axially dominated flow, whereas the
range 0. > 65 deg corresponds to the crossflow prevailing at high
incidences.
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At medium incidences (25 < & < 65 deg), the normal force of the
right fin (fin 4) is successively higher or lower than that of the left
fin (fin 2) according to the model of Thomson and Morrison,’
where new vortices are shed at the leeside of a body at high inci-
dence, alternately at the left and right side. In this incidence range,
a successively negative and positive normal force is measured on
the upper fin (fin 1) as well as a difference in the longitudinal cen-
ter of pressure of the horizontal fins, probably because of this alter-
nate vortex shedding. This body influence is absent on a wing
alone'? and on the present wing-body configurations at o. > 65 deg.

When the wing-body configuration is set at a nonzero roll angle,
the fin normal force coefficient Cn, and the fin longitudinal and lat-
eral centers of pressure X, and ¥, are very significantly modi-
fied, as seen in Figs. 4-6 for wing B at midposition. At low inci-
dences and for the lower fins (161<90 deg),Cy, increases ac-
cording to the effective incidence on the fin, given by c.sinlfl,
whereas a reduction in Cy,, is observed for the upper fins (18] 2 90
deg), and the center of pressure position depends only on the nor-
mal force, as already shown with the equivalent angle of attack
concept.!® At higher incidences, the dependence of the wing loads
on o is presumably subject to two main events:

The wing vortex breakdown, present mainly at 10! < 90 deg, with
a moderate decrease of Cy,, (this breakdown occurs at o =~ 60 deg
for ¢ = 11 and 22.5 deg and at o. = 35 deg for other azimuthal
angles, as in the + attitude; after the breakdown, Cy,, remains gen-
erally constant with o, whereas its center of pressure moves back-
ward, as in the + attitude).

The fin-to-fin interaction, present at 90 < 101< 180 deg, where
the vortex breakdown on the lower fins possibly induces separated
flow on the upper fins. A strong reduction occurs in Cy,, and the
center of pressure moves backward and outside. Also a strong cor-
relation exists between upper and lower fins, for instance at ¢ = 45
deg and o = 40-60 deg, or at ¢ = 22.5 deg and o = 60-80 deg,
between fins 3 and 2. It seems that at 18] < 135 deg, the flow is par-
tially separated, whereas at 10! 2 135 deg it is fully separated, and
the fin normal force is reduced to zero.

Tests at ¢ =45 deg with the upper fins only (fins 1 and 2, where
0 = =135 deg), presented in Fig. 7, show that their normal force
coefficient is partially reduced at a > 40 deg, even in the absence
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of the lower fins, probably because of a body-wing interaction. On
the other hand, no significant difference is observed on the lower
fins Cy, in the absence of the upper fins.

The fin normal force coefficient Cy¥, based on one fin planform
area S*, is plotted in Fig. 8 as a function of the azimuthal angle 161,
at different o, for the various tested configurations (wings A, B,
and C at midposition and wing B at fore and back positions). At o0
<30 deg, Cn;* is proportional to sin8l, with a minor reduction on
the lee side. At higher incidences, Cw /¥ is considerably reduced by
the separated flow at high 16, with a steep decrease at 18] > 135,
112.5, and 101 deg for o = 40, 60, and 80 deg, respectively. Also,
the azimuthal angle for maximum Cy} decreases from I8l =90 deg
ato<30degtol0l=34degato =70 deg. Values of Cy,;* at o= 90
deg and i8] = 90 deg are higher than the classical drag coefficient
value of 1.2 on plates of similar aspect ratio in two-dimensional
flow'? because of the body influence. Such curves have been
reported®!>16 for individual wing-body configurations at o < 40
deg, with similar variation of Cy, with the azimuthal angle. It is
seen that the wing planform area and axial position have very little
influence on the fin normal force coefficient, indicating no signifi-
cant influence of the body vortices on the fin loads, except in the
medium incidence range (Fig. 8b), and supporting the assumption
on the fin-to-fin interaction.

Longitudinal Aerodynamic Characteristics

The overall wing contribution to the normal force coefficient,
Chyygy and the body contribution to this coefficient, Cyyy, are
presented in Fig. 9 for wing B at midposition, at two roll angles,
together with the body alone normal force Cy,. The corresponding
centers of pressure XCPW(B), XC,,B(W), and chg are presented in Fig.
10. At ¢ = 0 deg, the wing contribution increases with up to the
vortex breakdown, then after some decrease, it remains constant at
o > 45 deg, according to Fig. 4. The body contribution, on the
other hand, increases continuously up to o = 70 deg, and is always
greater than the body-alone normal force coefficient, which is typ-
ical of subcritical Reynolds numbers, with laminar separation.” As
a result, the body contribution to the total normal force increases
considerably with the angle of attack, from 29% at low to 59% at o.
=70 deg. The wing contribution to the center of pressure is derived
from Fig. 5, whereas the body contribution is near the body plan-
form area.

These features emphasize a major difference between wings and
bodies at high incidences.!” For wings, there is a strong transition
from axial flow to crossflow associated with the vortex break-
down, whereas for bodies, the transition is smooth. Also, for bod-
ies, crossflow or impulsive flow analogies are good prediction
tools up to very high incidences,'*'® whereas simple predictive
methods for wings, like Polhamus’ analogy,’ are effective only up
to the vortex breakdown.?

‘When the wing-body configuration is set at a nonzero roll angle,
the longitudinal aerodynamic characteristics are significantly mod-
ified. The sharp decrease in Cy, at o > 40 deg on the upper fins
where 16} 2 135 deg (Fig. 4) induces a decrease in the wing and the
body contributions to the normal force coefficient, as seen in Fig.
9. As a result, the total normal force coefficient Cy is reduced by
20%, when the configuration is rolled from ¢ = O to 45 deg,
between o = 40 and 80 deg, as shown in Fig. 11 for wing B at mid-
position. The normal force center of pressure X, (Fig. 12) moves
forward as ¢ is increased because the body contnbutlon becomes
more important and is located at a more forward position than the
wing contribution (Fig. 10). But at very high incidences (o > 80
deg), at almost pure crossflow conditions, the influence of the roll
angle tends to disappear for the normal force and its center of pres-
sure.

The effects of the wing area and axial position on the normal
force are presented in Fig. 13. The normal force coefficient is sig-
nificantly increased when the wing area is increased, because of
the wing contribution, and to a certain extent when the wing is
moved backward, because of the increased body contribution. The
body contributes up to 64 and 54% of the total normal force for

wings A and C, respectively, at oo = 70 deg and + attitude. At very
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Fig.8 Influence of the wing area and axial position on the fin normal force coefficient.

high incidences (o0 > 80 deg), the center of pressure of the body
contribution is independent of the wing area and position because
of the almost pure crossflow conditions.

Rolling Moment

The rolling moment coefficient C, is presented at five roll
angles in Fig. 14, for wing B at midposition. At symmetrical + and
X attitudes, asymmetric body vortices induce differential loads on
the fins, as seen in Fig. 3 for the + attitude, which create a rolling
moment. This successively positive and negative Cy is directly
correlated to the successively positive and negative difference in
the horizontal fins normal force in the + attitude, together with the
upper fin contribution (Fig. 3). The differential loads as well as the
rolling moment vanish at o > 65 deg.

The range where this rolling moment is nonzero is typically o =
20-65 deg and is independent of the wing area and axial position,
as shown in Fig. 15, where the rolling moment is plotted for the
tested configurations at ¢ = 0 deg. But its maximum value
increases when the wing is moved backwards, because more and
stronger vortices are shed on the lee side of the body, and when the
wing area is increased, because of their increased influence on the
wing fins.

At asymmetric roll angles, the sharp decrease of the upper fin
normal force (Fig. 4) induces a strong rolling moment at o > 40
deg (Fig. 14), because no moment is present to balance the rolling
moment induced by the lower fin; Cy is larger at ¢ = 22.5 and 34
deg than at ¢ = 11 deg, because in that case the normal force on the
lower fin is smaller (Fig. 4). Also, Cy is reduced at ¢ =22.5 and 34

deg between o = 60 and 80 deg as a result of a local decrease in the
fin 2 normal force (Fig. 4), because of the fin-to-fin interaction.
This rolling moment does not vanish at very high incidences, as for
symmetrical attitudes, because it is induced by separated flow on
the fins, and not by the body vortices, and it is maximum at ¢ =
22.5 and 34 deg and o0 =90 deg.

This rolling moment coefficient is independent of the wing axial
position but proportional to the wing planform area, as the fins’
normal forces are (Fig. 8). This is shown in Fig. 16, where the roll-
ing moment coefficient Gg, based on one fin planform area S*, is
plotted for the five tested configurations at ¢ = 22.5 deg. It is seen
that this coefficient is not significantly modified by changes in the
wing area and axial position, except for two limited incidence
regions. First, small variations in the wing vortex breakdown inci-
dence for the different configurations induce a different evolution
of Cy in the range o = 30-40 deg. Second, the influence of the
asymmetrical body vortices in the range of o = 45-55 deg is
observed in this rolling moment, as it was at symmetrical attitudes.
A very similar dependence on o in the range o > 60 deg is
observed for the five configurations.

Lateral Aerodynamic Characteristics

The side force coefficient Cy and the yawing moment coeffi-
cient C, are presented at five roll angles in Figs. 17 and 18, for
wing B at midposition. The wing and body contributions to these
coefficients—Cyy, 0, CyB(W), C,,W(B), and C,,B(W)—are presented in
Figs. 19 and 20 for this configuration at ¢ = 0 and 22.5 deg,
together with the body-alone coefficients Cy, and C.,. Asymmet-



118

16.0

MEYER:
Contribution %
Wing = W(B) 0°
............ Body = B(W) 0°
====== Wing = W(B) 45°
== Body = B(W) 45°
----- Body Alone =B 45°

EFFECTS OF ROLL ANGLE ON CRUCIFORM CONFIGURATIONS

2
— o°
1
22.5°
—— 340
..... 450

30.0

Fig. 9 Influence of the roll angle on the wing and body contributions

Fig. 11 Influence of the roll angle on the normal force coefficient—

to the normal force coefficient—wing B at midposition.

Contribution i3

Wing = W(B) 0°
............ Body =B(W)  ©°
...... Wing = W(B) 45°
45°

- Body = B(W)

Body Alone = B 45°

Fig. 10 Influence of the roll angle on the wing and body contribu-

tions to the longitudinal center of pressure—wing B at midposition.

wing B at midposition.

0.0

Fig. 12 Influence of the roll angle on the longitudinal center of pres-

sure—wing B at midposition.
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Fig. 17 Influence of the roll angle on the side force coefficient—wing
B at midposition.
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ric body vortices induce a side force and a yawing moment on the
symmetrical configuration, as well as for the body alone. On the
body alone, the side force appears at o = 20 deg, and its center of
pressure is located in the afterbody at o = 20-30 deg (at about 7d
from the body apex); Cy increases up to 2.8 at o = 50 deg, whereas
its center of pressure moves forward, up to 1.5d from the body
apex at o = 53 deg. At o = 55-75 deg, Cy vanishes, but not C,,
indicating a pure yawing moment, probably because of a negative
side force on the afterbody balancing the positive side force on the
forebody. At o. > 75 deg, no significant Cy or C, are measured.
This side force is also typical of subcritical Reynolds numbers,
with laminar separation.” The onset angle for Cy is in agreement
with empirical predictions of Refs. 19 and 8, giving values of o =

22 * 5 and 24 deg, respectively, for this body. Also, the magni-
tude and the angle of attack of the maximum side force are in
agreement with the empirical predictions of Ref. 19, giving 3.6 =
0.65 and 48 * 7 deg, respectively.

Addition of wings at + and X attitudes delays the appearance of
significant side force or yawing moment to o = 40 deg (Figs. 17
and 18). For ¢ = 0 deg, it is observed (Figs. 19 and 20) that the
wing contribution to Cy and C,, is small for all of the incidences.
The body contribution is small up to o = 45 deg; then it grows up
to similar values to that of the body alone, but with a forebody cen-
ter of pressure and no pure yawing moment in the range o = 55-75
deg. It is concluded that the presence of symmetrical wings delays
the onset of asymmetric body vortices on the afterbody at low and
high incidences, but not on the forebody at . > 45 deg. This fea-
ture is somewhat inverse to the influence of forebody strakes,
which delays the formation of asymmetric vortices at the forebody
but not at the afterbody, reducing Cy at high angles of attack, but
not at low o (Ref. 12).!? The side force at X attitude is larger than
at + attitude, as all of the fins contribute directly to Cy.

At o> 65 deg, asymmetric body vortices are disrupted, and the
side force decreases progressively to zero at a = 75 deg. The body
contribution to the normal force decreases also in this crossflow
region, and its center of pressure, as well as the total center of pres-
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—_—— B Back
~~~~~ c Mid

Fig. 21 Influence of the wing area and axial position on the side force
coefficient—o = 0 deg.

Wing Position
A Mid
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------ =] Mid
——— B Back
----- C Mid

Fig. 22 Influence of the wing area and axial position on the side force
coefficient—¢ = 22.5 deg.

sure, moves backward, as shown in Figs. 9, 10, and 12. It is also
observed that at symmetric attitudes the rolling moment vanishes
already at o > 65 deg (Figs. 14 and 15), as well as the differential
loads on the wing (Fig. 3). It is suggested that in the range o = 65—
75 deg decreasing asyminetrical body vortices still induce a side
force on the forebody but cease to induce differential loads on the
wing.

The range where Cy or C, are nonzero is typically o = 40~75
deg for symmetrical attitudes and is independent of the wing area
and axial position, as shown in Fig. 21, where Cy is plotted for the
tested configurations at ¢ = 0 deg. The maximum side force value
increases when the wing is moved backward, as for the rolling
moment, but is independent of the wing area, because the wing
contribution to the side force is very low compared with the body
contribution. As a matter of fact, the curves of Cy are very repeti-
tive for the three wings at the midposition. The side force center of
pressure is located in the wing section at o < 55 deg, and then it
moves to the forebody section. ‘

At asymmetric positive roll angles, the nonlinear component of
the fin normal force induces a positive side force, already at o. > 5
deg, theoretically proportional to (cos?¢.sin ¢ — sin’d.cos ¢). But
above o = 30 deg, the main contribution to the side force is the
body, as shown in Fig. 19. At & < 55 deg, the body contribution is
similar to the side force of the body alone, but at o > 55 deg, it is
similar to the body contribution at ¢ = 0 deg. It seems that, con-
trary to the + attitude, the presence of wings reduces the asymmet-
ric body vortices on the afterbody at high angles of attack (giving
Cy with a forward center of pressure), whereas it does not reduce
these vortices at low incidences (giving Cy with a backward center
of pressure). As a result of the major body contribution, the maxi-
mum side force is not higher than at the + and X attitudes, and the
side force center of pressure is almost independent of the roll
angle. Also, the side force is rather independent of the wing area
but increases when the wing is moved backward, as for the + atti-
tude, as shown in Fig. 22, for the different configurations at ¢ =
22.5 deg. '
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Conclusions

1) The roll angle affects significantly the fin normal force coef-
ficient on a cruciform wing-body configuration at high incidences.
The normal force on the upper fins decreases to zero, at o > 40 deg
and 101 > 135 deg, possibly because the vortex breakdown on the
lower fins induces separated flow over the upper fins. As a result, a
strong rolling moment is induced at these incidences at asymmet-~
ric roll angles, being maximum at ¢ = 22.5 deg and o = 90 deg.
This rolling moment is much larger than the rolling moment
induced on symmetrical configurations by the asymmetric body
vortices and does not vanish at very high incidences.

2) The wing contribution to the side force is small compared
with the body contribution at asymmetric roll angles. As a result,
the maximum side force is not higher than that obtained at sym-
metric + and X attitudes, but side forces are measured at all inci-
dences. The roll angle also affects the normal force, which is
. reduced as ¢ is increased for o > 40 deg, and its center of pressure,
which moves forward, as the body contribution becomes more
important.

3) Moving the wing backward does not affect the fin normal
force coefficient, but more and stronger vortices are shed on the
leeside of the body. As a result, larger normal forces and larger
side forces are measured on symmetric and asymmetric configura-
tions as the wing is moved backward, as well as larger rolling
moments at symmetric attitudes. However, the rolling moment on
asymmetric configurations remains unaltered, as it is induced by
the fins’ normal force. The influence of the asymmetric body vorti-
ces is noticeable only at medium incidences.

4) When the wing area is increased with a constant span, the fin
normal force coefficient Cyy gets larger, according to the area
increase, but the normal force coefficient Cy*, based on the fin
area, remains unaltered. As a consequence, the total normal force
is significantly increased. The rolling moment at asymmetric roll
angles is proportional to the wing planform area, and the rolling
moment coefficient Cf, based on the fin area, remains un-
changed. The body vortices are not significantly modified when
the wing area is increased, but their influence on the wing is
enhanced. As a result, the maximum side force is unchanged,
whereas the maximum rolling moment on symmetric configura-
~ tions is increased.
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