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Rolling Moment Characteristics of Supersonic Transport
Configuration at High-Incidence Angles
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Wind-tunnel tests were performed to investigate rolling moment characteristics of a cranked arrow wing super-
sonic transport configuration at high incidence angles. Force measurements and surface static pressure measure-
ments were conducted when the wing model was rolled statically at a Reynolds number of 9.21 X 10 based on the
mean aerodynamic chord. To understand the behavior of the leading-edge separation vortices formed both on the
inboard and outboard of the cranked arrow wing, a stereoscopic particle image velocimetry survey was performed
at 55 and 83% root chord locations. As the wing roll angle was increased, linear stable rolling moments were
observed at low incidence angles, whereas abrupt changes from stable to unstable rolling moments were observed
at incidence angle of 20 deg. Variations in suction peaks of pressure distributions at the rear part of the wing
contribute to destabilization of the rolling moment component. These variations in suction peaks that induce the
unstable rolling moment are related to the vortex breakdown characteristics. Chordwise breakdown locations of
the inboard and outboard vortices are different between the windward and leeward wings. This difference causes

the sudden change of rolling moments.

Nomenclature

b = local semispan length, m

bnax = Wwing maximum semispan length, m

C, = pitching moment coefficient referred to body axis
nondimensionalized using ¢y, and measured about 0.25
Cmac (nOse-up direction positive)

C, = pressure coefficient

Cis = rolling moment coefficient referred to body axis
nondimensionalized using full span length

Cmae = Wing mean aerodynamic chord length, m

Cr = wing root chord length at model centerline, m

Re = Reynolds number based on mean aerodynamic chord

U = freestream velocity, m/s

u = x-direction flow velocity of body axis, m/s

v = y-direction flow velocity of body axis, m/s

w = z-direction flow velocity of body axis, m/s

X = chordwise coordinate measured from apex of cranked
arrow wing at model centerline, m

y = spanwise coordinate measured orthogonal to x from
model centerline, m

Z = vertical coordinate measured orthogonal to x from
model centerline, m

o = angle of attack, deg

B = side-slip angle, deg
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A = sweepback angle, deg

Aegr effective sweepback angle, deg

o = incidence angle (angle that is composed of direction of
freestream and x-direction of body axis), deg

¢ = roll angle (clockwise direction is positive on rear view),

deg

I. Introduction

SUPERSONIC transport (SST) configuration has a higher

sweepback angle and lower aspect ratio wing, such as a delta
wing or a cranked arrow wing. At high-angle-of-attack flight, such
as takeoff and landing, flow separates from the leading edges of
the wing, rolls up on the upper surface, and forms leading-edge
separation vortices over the wing. Because leading-edge separation
vortices induce nonlinear suction force (often referred to as vortex
lift), the aerodynamic characteristics of the SST configuration are
strongly influenced by the vortex behavior.!

The vortex behavior formed on the delta wing configurations has
been studied for the past several decades.>”® The strength of the
leading-edge separation vortex on the delta wing is strongly in-
fluenced by wing angles of attack and sweepback angles. At rel-
atively low angles of attack, smooth changes of the aerodynamic
forces are observed because the strength of the vortex changes al-
most continually as the wing attitude is changed. However, non-
linear acrodynamic phenomena such as 1) a vortex breakdown®'°
and 2) a vortex liftoff'"'? are observed in the behavior of the
leading-edge separation vortex at high angles of attack. The vor-
tex breakdown is a well-known phenomenon that induces a loss of
vortex lift. The vortex liftoff is a phenomenon that occurs when
the leading-edge separation vortex moves away from the wing sur-
face, causing a drastic reduction in the vortex lift. Similar flow
phenomena are observed for an ogive—cylinder at high angles of
attack.'3

When the wing is rolled, the vortex behavior is different for the
windward and leeward wings. This asymmetric vortex behavior af-
fects the roll characteristics. At high angle of attack, the nonlin-
ear aerodynamic phenomena mentioned also occur asymmetrically
on the windward and leeward wings. Therefore, this vortex be-
havior induces abrupt and complex changes in the rolling moment
characteristics.>® As for a double delta wing and a cranked arrow
wing, two pairs of leading-edge separation vortices are formed, both
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from the inboard and outboard leading edges of these wings; these
have different leading-edge sweepback angles. These inboard and
outboard vortices interact with each other'*!> and strongly affect
vortex behavior. Therefore, the roll characteristics of the double
delta and the cranked arrow wing configurations are assumed to be
more complex than the delta wing configurations.

In this study, rolling moment characteristics of a cranked arrow
wing SST configuration at high incidence angles were investigated
in a low-speed wind tunnel. Force and surface pressure measure-
ments were performed to understand the roll characteristics of the
cranked arrow wing. Stereoscopic particle image velocimetry (PIV)
measurements were also conducted to analyze the behavior of the
inboard and outboard leading-edge separation vortices formed on
the wing.

II. Experimental Details

Figure 1 shows an SST model that was preliminarily designed
by the supersonic transport program of the Japan Aerospace Ex-
ploration Agency (JAXA).!'® This SST configuration model con-
sists of a cranked arrow wing and a fuselage. A kink is located at
¥/bmax = 0.55 that connects the inboard wing of 66-deg sweepback
angle and the outboard wing of 42-deg sweepback angle. The wing
has a warped wing section designed by the supersonic lifting sur-
face theory to optimize the twist and camber distributions at a design
Mach number of 1.7 (Ref. 16). The SST model has static pressure
tappings on the upper surface of the left wing at x/c, =0.55 and
0.83, as shown in Fig. 1. The inboard wing has the thickness distri-
bution of a NACAG66-series airfoil section with an average thickness
chord ratio of 3%. The outboard wing has a biconvex airfoil section
with a maximum thickness chord ratio of 3%. Further details of the
wing cross section are described in Ref. 17.
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Fig. 1 Schematic of cranked arrow SST configuration, millimeters.
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The experiments were conducted in a 2 x 2 m low-speed wind
tunnel at JAXA. The freestream velocity was U =30 m/s and
the Reynolds number based on the mean aerodynamic chord was
Re=9.21 x 10°. A schematic of the wind-tunnel tests is shown in
Fig. 2. The SST model was supported by an industrial multipurpose
robot arm via a sting. The robot arm can control the model attitude
with six degrees of freedom within 0.5-mm accuracy. In the present
test, the model was rotated to a roll direction at a fixed incidence
angle o. The tested incidence angles were 12, 16, 18, and 20 deg.
The tested roll angles ¢ were in a range from —30 to 30 deg.

Aerodynamic forces were measured by means of a six-component
internal balance. The definition of the rolling moment is based on
the body axis. Electronic scanning pressure sensors were used to
measure the surface static pressure distributions. We checked that
the flow settled down to a steady state whenever the model was set
to a new roll angle and then averaged the force data obtained from
the internal balance by sampling 500 times with 2-ms intervals.
Force data were obtained by rolling the model at 2.5-deg incre-
ments from ¢ = —30 to 30 deg and by rolling back from ¢ =30 to
—30 deg, which comprises one cycle of the measurements. Pressure
data were obtained by averaging 100 sampled data recorded at 5-ms
intervals. The estimated overall uncertainties of the rolling moment
coefficients C,, and the pressure coefficient Cp are less than +0.5
and £2% at 20:1 odds. Force measurements and pressure measure-
ments were conducted separately to avoid any disturbance to the
internal balance from the pressure tubing.

Stereoscopic PIV surveys were performed to understand the over-
all behavior of flow at x/c, =0.55 and 0.83 on the upper surface.
The PIV system (Fig. 2) mainly consists of 200-mJ double-pulse
Nd:YAG lasers to illuminate the seeding particles in the flow, two
charge-coupled device (CCD) cameras with 1280 x 1024 pixels to
acquire images of the illuminated particles, and a personal computer
to control the equipment and to conduct data processing. Detailed
information on the present PIV system is described in Ref. 18. Oil
droplets of an approximate average diameter of 1 um were inserted
into the flow as seeding particles. The laser light sheet, introduced
through an upper optical window of the test section, illuminates
the seeding particles over the upper surface of the model, which is
parallel to the y—z plane based on the model body axis. Two CCD
cameras were located at the port side of the test section. Each camera
acquired instantaneous two laser sheets of particle images at 30-us
time intervals. Three component velocities, u, v, and w, were cal-
culated from images captured by the two CCD cameras. The typical
imaging area size was 200 mm in width and 80 mm in height, where
98 x 40 velocity vectors are measured in this area. When these mea-
sured velocity vectors were plotted, the number of velocity vectors
was reduced for easy of viewing. The averaged flow velocity vector
distributions were obtained by averaging 300-900 sheets of instan-
taneous velocity vector images with an acquisition rate of 2 Hz.
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Fig. 2 Schematic of PIV setup (seen from port side).
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Fig. 3 Variation of angle of attack and effective sweepback angle on inboard and outboard leading edge of right wing.

The estimated overall uncertainty of the averaged velocity by PIV
measurements is less than =10% at 20:1 odds.

III. Geometric Relations of Wing Attitude

Figure 3 shows variations in angle of attack and effective sweep-
back angle on the inboard and outboard leading edges for the right
wing when the wing model is rotated to a roll direction at a fixed
incidence angle. For example, when a roll angle changes from 0
to 30 deg (positive roll direction) at the incidence angle o fixed to
20 deg (bold line in Fig. 3), the angle of attack o decreases from 20
to 17.5 deg. The same results are obtained when the model is ro-
tated to a negative roll direction. This means that when the model is
rotated to an arbitrary roll angle, ¢, # 0 deg, although the incidence
angle is fixed, the angles of attack on the windward and leeward
wings are the same, and they are smaller than the incidence angle.
However, the effective sweepback angle A.g on the leading edge of
the windward and leeward wings is different. The effective sweep-
back angle on the windward wing is smaller than A, and A.g on
the leeward wing is larger than A. This asymmetry of the effective
sweepback angle of the windward and leeward wings induces the
asymmetric behavior of the leading-edge vortices.

IV. Results and Discussion

A. Rolling Moment Characteristics

Figure 4 shows the static rolling moment characteristics at several
incidence angles of ¢. Linear and stable (restoring) rolling moment
coefficients Cy, are observed at low incidence angles, o =12 and
16 deg. At o =20 deg, linear and stable rolling moments are ob-
served at small roll angles, |¢| < 10 deg, whereas the C,, changes
drastically from a stable state to an unstable one at |¢| = 15-25 deg.
When ¢ is increased up to 30 deg, the absolute value of C,, de-
creases, but it still maintains an unstable state.

Figure 5 shows the pitching moment coefficients C,, when the
model has roll angles, as shown in Fig. 4. At incidence angles of
o =12 and 16 deg, nose-down pitching moments decrease slightly
as roll angles increase from ¢ =0 to 30 deg. An abrupt change in
the nose-down pitching moment is observed near ¢ = 15-25 deg at
o =20 deg. These roll angles of ¢ = 15-25 deg correspond to those
when a drastic change in the rolling moment was observed, as in
Fig. 4.

As mentioned in the preceding section, the effective sweepback
angle A.i on the windward wing is smaller than that of the leeward
wing. In Ref. 19, it is discussed how higher suction force is induced
on the delta wing with a smaller sweepback angle. This discussion
on the induced suction force can also be applied to the present
results. Higher suction force acts on the windward wing producing
arestored rolling moment, as was observed when o = 12 and 16 deg
(Fig. 4).

Ericsson and Hanff?° reported that vortex breakdown induces the
C,, instability of the delta wing. The present results indicate that
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Fig. 4 Rolling moment characteristics at different incidence angles.
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Fig. 5 Pitching moment characteristics at different incidence angles.

the C,,, instability is observed for the cranked arrow wing configu-
ration at the high incidence angle of o = 20 deg and suggest that the
instability of C, is induced by vortex breakdown. Further details
will be discussed in the following sections.

Figures 4 and 5 contain two curves with the same symbol at the
same o, for example, curves for o =20 deg. As explained in Sec. II,
force data were obtained by rolling the model from ¢ = —30 to
30 deg (clockwise direction seen from downstream of the model)
and by rolling back from ¢ =30 to —30 deg (counterclockwise
direction). It has been reported that the vortex breakdown on the
delta wing often induces a large-scale flow hysteresis in the force
and moment measurements, that is, a different force or moment
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Fig. 6 Pressure distributions at different roll angles, o =12 deg.

is measured when the model is rolled in the clockwise direction
and in the counterclockwise direction.>%!! To check whether the
flow hysteresis is observed in the present SST configuration, both
results when the model is rotated in the clockwise direction and in
the counterclockwise direction are plotted independently. It is seen
that two curves almost coincide each other at the same incidence
angle in Figs. 4 and 5, and no obvious difference is observed. These
results suggest that the large-scale flow hysteresis does not occur
within the present tested range. On the other hand, small differences
between the two curves with the same symbol are observed at the
same o, for example, symbols at ¢ =20 deg and o =20 deg. These
small differences between the two curves are more easily observed
at 0 =20 deg than at 0 =12 and 16 deg. It is suggested that the
unsteady flow and the critical states’' at high alpha aerodynamics
cause these small differences on the force and moment curves.

B. Static Pressure Distributions

Static pressure tappings were installed on the left wing of the SST
model (Fig. 1). No data of static pressure on the right wing were
measured. Therefore, to expand the analysis of measured static pres-
sure distributions C), on the left wing, an assumption was made as
follows: Similar flows are realized both on the right wing when the
model has an positive roll angle, ¢, > 0 deg, and on the left wing
when the model has a negative roll angle, ¢, = —¢,,. For example,
C, distributions on the left wing at ¢ = —20 deg correspond to those
on the right wing at ¢ =20 deg. This assumption makes it possi-
ble to obtain rolling moment components from the upper surface
C, distributions. Arena and Nelson®® and Chaderjian*® measured
and numerically analyzed the C, distributions on the lower surface
of delta wings with 80- and 65-deg sweepback angles. From these
results, it was suggested that the C,, distributions on the lower sur-
face of the delta wing do not change obviously when the wings are
rotated to the roll direction. It is thought that the lower surface C),
distributions of the present SST configuration behave similarly to
these delta wings. Therefore, it can be said the essential rolling mo-
ment characteristics can be understood without lower surface C,
distributions. The effect of spanwise local contribution of C), on the
roll stability will be discussed.

Figure 6 shows C, distributions at x/c, =0.55 and 0.83 when
o0 =12 deg and ¢ =0-30 deg. C,, distributions on the right wing
(windward wing) when ¢ >0 deg (Figs. 6b and 6d) are plotted
using this assumption. A suction peak is observed in the C, dis-
tributions at x/c, =0.55 (Figs. 6a or 6b) that is induced by an in-
board leading-edge separation vortex. Two suction peaks that are

observed at x /c, = 0.83 (Figs. 6¢ or 6d) are induced by the inboard
and outboard leading-edge separation vortices. Variations in suc-
tion peaks at different roll angles can be attributed to the behavior
of the leading-edge separation vortices. At o =12 deg the C, dis-
tributions on the leeward wing at x/c, =0.55 and 0.83 (left wing,
Figs. 6a and 6¢) indicate that the suction peaks decrease as the roll
angle increases, whereas the suction peaks on the windward wing
at x/c, =0.55 and 0.83 (right wing, Figs. 6b and 6d) decrease only
slightly. Both angle of attack o and effective sweepback angle A.s
on the windward wing decrease with increasing roll angle. On the
other hand, o decreases and A,y increases on the leeward wing
(Fig. 3). On the windward wing, a decrease in « induces a decrease
in the C,, suction, and a decrease in A induces an increase in the
C, suction.?® These o and A geometric effects on the change in
the C,, distributions cancel each other out. Thus, the C,, suction of
the windward wing shown in Figs. 6b and 6d was not changed ob-
viously. On the other hand, a decrease in « and an increase in A
on the leeward wing induced a decrease in C), suction, as observed
in Figs. 6a and 6c¢.

Figure 7 shows C, distributions at o =20 deg. When compared
with the results at o = 12 deg in Fig. 6, similar trends can be seen
for all cases at x/c, =0.55, but are different at x/c, =0.83. Fig-
ures 7c and 7d indicate that the inner and outer suction peaks on
the windward wing decrease with increasing roll angle, and the in-
ner suction peak on the leeward wing increases significantly with
increasing roll angle up to 20 deg. These flowfields at o =20 deg
and at x/c, = 0.83 were visualized by means of the PIV technique
and will be discussed in the next section.

Next, we discuss spanwise distributions of local rolling moment
components that can be obtained both from upper surface C,, dis-
tributions on the right wing C,, ign and from those on the left wing
C, i at each chordwise station. Figure 8 shows AC,|y| distribu-
tions, where

Acplyl = (Cprightwing - Cpleftwing) X |)/| (1)

The actual local rolling moment caused by the flow on the upper
surface at a specific chordwise location is obtained by integrating
the AC,|y| in a spanwise direction. When this integrated value of
AC,|y| is negative, the negative closed area that is composed of
a AC,|y| curve and the AC,|y| =0 axis contributes to the stabi-
lization of the rolling moment by acting on the wing. On the other
hand, when it is positive, the positive closed area contributes to the
destabilization of the rolling moment. The magnitude of the area
indicates the strength of roll stability. Therefore, contributions to
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Fig. 8 Distributions of local rolling moment components at different roll angles.

the roll stability can be understood from Fig. 8. Figures 8a and 8c
indicate that the AC)|y| distribution at x/c, =0.55 is negative at
spanwise locations where the inboard vortex is formed at 0 =12
and 20 deg. This means that the inboard vortex on the upper sur-
face at x/c, =0.55 contributes to the stabilization of the rolling
moment components. Figure 8b at x /¢, =0.83 and o = 12 deg in-
dicates large negative AC,|y| near the outer suction peak at about
v/b=0.85. However, in Fig. 8d, positive values of the AC,|y| are
observed near the inner and outer suction peaks at x /c, =0.83 and
o =20 deg. These positive values at o =20 deg contribute to the
destabilization of the rolling moment components.

Figure 9 shows local rolling moments of different incidence an-
gles at x /¢, =0.55 and 0.83. They were obtained by integrating the
AC,|y| distributions from the body centerline to the leading edges
in a spanwise direction. Stable, that is, negative, local rolling mo-
ments at x /c, =0.55 (Fig. 9a) are observed at 0 = 12-18 deg. They
decrease linearly as the roll angle is increased up to ¢ =30 deg. At
x/c, =0.83 (Fig. 9b), local rolling moments are negative at o = 12

and 16 deg, which means that the stable rolling moment is acting
on the wing. However, the unstable (positive) moment is observed
at 0 = 18 and 20 deg. Furthermore, nonlinear behavior of the local
rolling moment is observed at o = 20 deg. Although the local rolling
moment at o =20 deg is stable at ¢ =5 deg, the unstable moment
is observed up to o =25 deg. The further increase in the roll an-
gle and magnitude of the unstable local rolling moment decreased
at ¢ =30 deg. This local rolling moment at x/c, =0.83 does not
exactly represent the rolling moment acting on the wing because
the whole wing surface must be considered to estimate the rolling
moment. However, the distribution pattern of the local rolling mo-
ment at x /¢, =0.83 and 0 =20 deg in Fig. 9b is relatively similar
to those of C,,; when ¢ > 0 deg in Fig. 4. Therefore, it is thought
that some of the rolling moment characteristics can be explained by
the use of this local rolling moment concept, and it can be said that
the nonlinear behavior of the local rolling moment at x /¢, =0.83
and o = 20 deg has a strong relationship with the abrupt change of
rolling moment observed at o =20 deg in Fig. 4.
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Fig. 9 Local rolling moments in different incidence angles obtained
from integration of AC,|y| distributions.

From these results, it can be explained that C,, distributions at
x/c, =0.55 at tested incidence angles contribute to the stabilization
of the rolling moment components. At x /c, =0.83, C,, distributions
at low incidence angles contribute to roll stabilization, whereas those
at high incidence angles contribute to roll destabilization.

C. PIV Survey

To understand the overall flowfields at o =20 deg and ¢ =0 deg,
average velocities were measured by PIV. The total velocity vec-
tor, [u? + v? + w?]'/2, and the u-velocity contour are plotted on the
plane normal to the body axis at different chordwise locations in
Fig. 10. The inboard and outboard leading-edge separation vortices
are clearly observed in Fig. 10. Spanwise locations of inboard and
outboard vortex centers at x /¢, = 0.55 and 0.83 almost coincide with
the locations of the suction peaks in the C,, distributions (Fig. 7).
These results reconfirm that leading-edge separation vortices induce
high suction peaks in the C,, distributions. For the inboard vortex
in Fig. 10, abrupt decrease in the streamwise velocity is observed
downstream of x /¢, = 0.70, which is thought to be caused by vortex
breakdown. When vortex breakdown occurs, the vorticity in the vor-
tex is lost and the maginitude of the velocity parallel to the vortex
axis drastically decreases.” Here, we consider that vortex break-
down has occurred when the x-direction velocity u is suddenly lost
and is nearly 0 m/s. Note in Fig. 10 that vortex breakdown of the
inboard vortex occurs upstream of x/c, =0.83. This corresponds
to an indistinct suction peak of C, observed near |y|/b=0.6 at
o =20 deg and x/c, =0.83 when ¢ =0 deg in Fig. 7c. In Fig. 10,
the concentrated outboard vortex is formed near the wing surface
at x/c, =0.83. However, this outboard vortex has been lifted off
from the wing surface at x /¢, =0.98 when compared with the one
at x /¢, = 0.83. This liftoff is caused by the interaction between the
inboard and outboard vortices.'*

Figures 11 and 12 show average velocity vectors and stream-
wise velocity contours at x/c, =0.83 for different roll angles at
o =12 deg (Fig. 11) and at o =20 deg (Fig. 12). To clarify the be-
havior of inboard and outboard vortices, the required whole imaging
area (about 250 x 80 mm) covering the inboard and outboard vor-
tices on the left and right wing was horizontally divided into two
frames with some overlapping area when the PIV measurements
were conducted at o =20 deg. In Figs. 11b and 12b, the velocity

x/c, =0.98

Fig. 10 Averaged velocity vectors and streamwise velocity contour at
several chordwise locations, o =20 deg and o =0 deg.

distributions on the leeward wing at ¢ =20 deg could not be ob-
tained because the model fuselage interrupted the view angle from
the CCD cameras.

Figure 11 indicates that as the roll angle is increased up to
¢ =20 deg at the fixed incidence angle of o = 12 deg, the stream-
wise velocity u in the inboard vortex on the windward wing (right
wing) slightly decreases. This behavior of the inboard wing makes
the C, suction peak on the windward wing decrease slightly, as
was shown in Fig. 6d. At o =20 deg (Fig. 12), an area where u
is nearly O m/s is observed at the center area of the inboard vortex
on the windward wing, which indicates the onset of vortex break-
down. Similar behavior in the inboard vortex was already observed
at x/c, =0.70, 0.83, and 0.98 in Fig. 10. Figure 12 also indicates
the enlargement of the area where u is nearly O m/s on the windward
wing as the roll angle is increased. On the other hand, shrinking of
the area where u is nearly O m/s in the inboard vortex on the leeward
wing is observed as the roll angle is increased because a concen-
trated vortex is reconstructed due to the retreat of vortex breakdown.
This inboard vortex behavior at x /¢, = 0.83 can be explained by the
characteristic vortex breakdown of the delta wings.!” As the roll
angle is increased, the chordwise location of vortex breakdown on
the windward wing moves toward the wing apex. The chordwise
location of the breakdown onset on the leeward wing retreats to-
ward the trailing edge. These asymmetric chordwise movements of
the vortex breakdown location on the windward and leeward wings
induce unstable rolling moment components for the delta wing. The
same tendency is observed in Fig. 12 for the inboard vortex of the
present cranked arrow wing configuration. The asymmetric behav-
ior of vortex breakdown of the inboard vortex induces asymmetric
change in the suction peaks of C,, which contributes to the desta-
bilization of the rolling moment components. Furthermore, when
the model is rolled from ¢ =10 to 20 deg, obvious reduction in
the u velocity at the center of the outboard vortex on the windward
wing is observed as shown in Fig. 12. This corresponds to the de-
crease in the suction peak that was shown in Fig. 7d. This behavior
of the outboard vortex also induces the unstable rolling moment
components. The varying behavior between the inboard and out-
board vortices contributes to the abrupt change of rolling moments
from a stable to an unstable state at o =20 deg, as was shown
in Fig. 4.
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Fig. 11 Averaged velocity vectors and streamwise velocity contour at different roll angles, o =12 deg and x/c, = 0.83.
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Fig. 12 Averaged velocity vectors and streamwise velocity contour at different roll angles, o =20 deg and x/c, = 0.83.
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Force measurement results in Figs. 4 and 5 indicated that the
abrupt increment of the unstable rolling moment is strongly related
to the abrupt increment of the nose-down pitching moment. The
increment of suction peaks at x /¢, = 0.83 on the leeward wing due
to the retreat of the vortex breakdown induces the increase in the
nose-down pitching moment (where C,, measured about 0.25 ¢y ),
whereas decrement of the suction peaks at x /c, = 0.83 on the wind-
ward wing induces the decrease in the nose-down moment. If the
effect of the movement of vortex breakdown position on the leeward
wing is larger than that on the windward wing, a sudden increment
of nose-down pitching moment could occur. Therefore, the occur-
rence of abrupt changes of rolling moment from a stable to unstable
state and also the sudden increment of the nose-down pitching mo-
ment can be attributed to the breakdown of the inboard vortex on the
leeward wing at x/c, = 0.83 and o =20 deg, as discussed earlier.

V. Conclusions

Wind-tunnel tests were performed to investigate rolling moment
characteristics of a cranked arrow wing configuration. Force and sur-
face static pressure measurements were conducted when the model
was rolled statically. To understand the behavior of the leading-edge
separation vortex, stereoscopic PIV surveys were also performed.
The results are summarized as follows.

1) When the roll angle of the model is increased, linearly stable
rolling moments act on the model at low incidence angles. On the
other hand, drastic changes of rolling moments from a stable to
an unstable state are observed at an incidence angle of 20 deg.
This change in the rolling moment is strongly related to the abrupt
increment of the nose-down pitching moment.

2) Variations in suction peaks in the static pressure distributions
at x/c, =0.83 and ¢ =20 deg contribute to the abrupt increment of
the unstable rolling moment. These variations in suction peaks are
related to vortex breakdown characteristics. The asymmetry of the
chordwise locations of inboard vortex breakdown on the windward
and leeward wings produces a drastic change in rolling moments.
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