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Abstract

Wind tunnel measurements were done to
investigate the effect of leading-edge vortex
flaps and leading-edge flaps on the rolling
moment characteristics of the cranked arrow
wing for the supersonic transport. Static rolling
moment measurements, flow visualization
studies and the cross flow velocity
measurements by a particle image velocimetry
were made at the Reynolds number based on the
wing mean aerodynamic chord of 6.2x10%
Static rolling moment measurements indicated
linear restoring moment for the roll direction at
incidence angles lower than about 16 ° for the
entire model tested. When the outboard leading-
edge flap is deflected 12° rolling moment
hystereses are observed at the roll angle of
about 20 °and at the incidence angle of about
20°It was indicated that the hystereses are
caused by different vortex breakdown
behaviours on the inboard wing.

Nomenclature

Pmax ~ Wing maximum span length, m

Cmac  Wing mean aerodynamic chord, m

Cr wing root chord at model centre-line, m

Ciot  rolling moment coefficient non-
dimensionalized using b,x measured
about body axis X

L/D lift/drag ratio

Re Reynolds number based on mean
aerodynamic chord

Us free stream velocity, m/s

Vv mean velocity in y direction

W mean velocity in z direction

W mean velocity in z;, direction

X chordwise coordinate measured from
apex of delta wing at model centre-line,
m

y horizontal coordinate orthogonal to X,
measured from model centre-line, m

Vb spanwise coordinate orthogonal to X,

fixed to the body and measured from
model centre-line, m

z coordinate orthogonal to X and y
measured from model centre-line, m

Zb coordinate orthogonal to X and Yy,
measured from model centre-line, m

o wing angle of attack, degree

Omein 1nboard vortex flap deflection angle,
degree

OfLeout OUtboard leading-edge flap deflection
angle, degree

() roll angle, degree (clockwise direction is
positive when seen from downstream of
the model)

0 incidence angle, degree

£ vorticity in Y-z plane, see eq. (1)

1 Introduction

A delta wing planform is often used for high
speed aircraft such as a supersonic transport
(SST) because of its good supersonic
performance. Since the aspect ratio of the delta
wing is relatively small, the lift curve slope of
the delta wing is also low and hence the delta
wing aircraft has to fly at a high angle of attack
at low speeds such as at take-off and landing. At
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high angles of attack, a pair of leading-edge
separation vortices is formed on the delta wing
and produces a suction force over the wing
which increases the lift component. However,
there is also a high drag component associated
with the suction force.

When the delta wing aircraft flies at high
angles of attack, the delta wing sometimes
experiences a self-induced roll oscillation
known as a wingrock [1]. The wingrock
originates from the unstable rolling moment
caused by the behaviours of the leading-edge
separation vortex such as a vortex interaction
and a vortex breakdown. Even when the delta
wing is rolled statically, the effective sweepback
angle on the windward wing is different from
that of the leeward wing [1]. This asymmetry
induces the asymmetric formation of the
leading-edge vortices and the wing exhibits
complex aerodynamic behaviours. Therefore,
static rolling moment characteristics are one of
the important factors for the aerodynamic
design of delta wing aircrafts.

In the case of the main wing of the
supersonic transport configuration, it has either
a double delta wing or a cranked arrow wing.
They have a different leading-edge sweepback
angle at the inboard and outboard leading edges.
Two pairs of leading-edge separation vortices
are formed both on the inboard and outboard
wings. These vortices interact with each other
and the wing characteristics are different from
that of the plain delta wing [2, 3]. Static roll
characteristics of these wings could also be
different from that of the delta wing due to a
complex behaviour of the vortices. However, as
far as the authors know, there are only a few
references on the static roll characteristics of
either the double delta wing or the cranked
arrow wing [4].

The lift/drag ratio (L/D) at low speeds is an
essential factor for the improvement of the take-
off and climb performance of the SST. The L/D
of the delta wing aircraft is relatively poor,
because of the high drag as mentioned above.
To improve the lift/drag ratio of the delta wing,
a leading-edge device called a leading-edge
vortex flap is used for a highly swept-back delta
wing [5]. It is a full span deflectable surface at

the leading-edge of the delta wing that utilizes
the suction force generated by the vortex formed
on the deflected flap surface to reduce the drag
and to improve the lift/drag ratio. The first
author has made several experimental studies on
vortex flaps for delta wing configurations that
have different flap leading-edge shapes and
different flap planforms [6-9] to discuss the
optimum vortex flap configurations.

As for the SST configuration, the vortex
flap and the leading-edge flap can be used for
the inboard wing and the outboard wing,
respectively, because the inboard wing has a
higher sweepback angle and the outboard wing
a lower sweepback angle. Therefore, in ref. [10],
authors applied the leading-edge vortex flaps
and the leading-edge flaps on the cranked arrow
wing SST configurations. Results indicated that
the combination of the leading-edge vortex flaps
at the inboard wing and the leading edge flaps at
the outboard wing shows a high lift/drag ratio
benefit in a wide lift coefficient range.

It is of interest to see how the deflection of
vortex flaps and leading-edge flaps affect the
rolling moment characteristics of the cranked
arrow  SST wing. Static rolling moment
measurements for the SST with vortex flaps and
leading-edge flaps have been carried out in ref.
[11]. Results indicated a nonlinear and abrupt
change of rolling moments when the flaps were
deflected. However, details of the vortex
behaviour that affect the rolling moment
characteristics were not clarified.

In this paper, experimental studies using a
particle image velocimetry (PIV) have been
made to reveal this complex vortex behaviour
that causes the nonlinear and abrupt change of
static rolling moments for the SST model with
vortex flaps and leading-edge flaps.

The SST configuration used in this study
is of a smaller scale but similar in planform
configuration as used in refs. [10] and [11]. It is
based on the cranked arrow wing configuration
that was designed for the supersonic flight test
programme, which is currently underway at the
Japan Aerospace Exploration Agency. The
leading-edge of this wing was modified so that
it has vortex flaps for the inboard section and
leading-edge flaps for the outboard section.
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Experiments were conducted in a 0.6m x
0.6m blow-down low speed wind tunnel. The
Reynolds number based on the mean
acrodynamic chord was 62 x 10%. PIV
measurements were conducted to investigate the
flap deflection effects on the static rolling
moment characteristics in detail.

In summary, the purpose of this study is to
discuss the effect of leading-edge flap and
vortex flap deflections on the static roll
characteristics of the cranked arrow SST
configuration and to clarify the complex and
non-linear behaviour of the leading-edge
separation vortices formed on the wing.

2 Experimental Details

Figure 1 shows the model details. This SST
configuration model is based on the cranked
arrow wing configuration with a fuselage
section that was preliminary designed for the
supersonic flight test programme conducted by
the Japan Aerospace Exploration Agency [12].
The present wind tunnel model is 1/5 scale of
the original wind tunnel model. Although the
original model used in [10] had a warped wing
section, the current model wing is a flat plate
and its thickness is 0.001m. The upper and
lower surfaces of all of the edges are beveled.
The wing has a sweepback angle of 66° at the
inboard section and 42° at the outboard section.
The kink is located between the inboard and
outboard wings at y/(Dax/2) =0.55. The leading-
edge of this model was modified so that it has
the vortex flaps on the inboard wing and the
leading-edge flaps on the outboard wing
(Fig.1). Since the sweepback angle of the
inboard wing is large, the inboard leading-edge
flap has been thought to act as the vortex flaps.
The chord length of this inboard vortex flap is
0.1Cpa. The chord length of the outboard
leading-edge flap is 20% of the local chord
length at each spanwise station. The vortex flap
deflection angle Osgin for the inboard wing is
defined as the angle measured in the plane that
is normal to the hinge line. The leading-edge
flap deflection angle Ofpon for the outboard
wing is defined as the angle measured parallel

to the free stream. The tested flap deflection
angles are Og gin=0°, 30° and O gou=0°, 12°. The
flaps have been designed so that there is no gap
between the inboard leading-edge flap and the
outboard leading-edge flap at the kink when
(OfLEmn, OfLEout)=(30°, 12°). The nose section of
the fuselage, that is 25% of the total fuselage
length, is an ogive-cone-cylinder.

The experiments were made in a 0.6m x
0.6m blow-down type low-speed wind tunnel at
the University of Tokyo. Tests were made at a
tunnel speed of U,=10m/s except where noted.
The Reynolds number based on the mean
aerodynamic  chord  (Cy,c=0.087m)  was
Re=6.2x10%. The incidence angle © was in a
range from 0° to +30°. (This angle is equal to
the angle of attack when the roll angle ¢=0°.)
Rolling moment was measured using a two-
component balance. The model was attached to
the balance with a sting and can be rotated
around its centre axis with balance using a
stepping motor. The rolling moment is the roll
component around the model centre axis (Fig.
2). The rolling moment coefficient C,,; has been
obtained by rolling the model at 2° increments
from ¢=-30° to +30° and by rolling back from
¢=+30° to -30° which consists of one cycle of
the measurements. The model is at rest at each
prescribed roll angle ¢ for about 3.5sec, while
the rolling moment measurements were
conducted. This measurement was repeated for
10 cycles and the mean value of C,, was
obtained. The definition of C,.; is indicated in
Fig. 2. The definition of the X, Yy, Z coordinate
system used here is also indicated in Fig.2.
Please note that the X, y and z systems are
dependent of the model incidence angle but
independent of the model roll angle. All of the
aerodynamic coefficients were calculated based
on the original wing area without any flap
deflection. The estimated overall accuracy of
the aerodynamic coefficients is, at most, +2%.

Examples of the notation used in this paper
are as follows. S001200 is the original wing
with 87 Ein=0° and Oaro=12°. The last two
digits of this notation are reserved for the
trailing-edge flap.
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The PIV system used here was DANTEC
PIV 2000 Flowmap system with 50mJ dual
cavity Nd:Yag lasers. Mist made of Ondina oil
was used to seed the wind tunnel. The two-
dimensional velocity distributions (v, W) in the
y-Z plane normal to the model centre axis X were
measured at different chordwise stations. PIV
measurements were repeated for 2 planes within
the flow field over the left wing when measured
at a chordwise station of x=0.83Cr. Typical
measurement plane size was about 0.04 x
0.04m”> which resulted in 62 x 62 velocity
vectors in every plane. The flow over the right
wing at the roll angle of ¢ was assumed to be
the same for the flow over the left wing at the
roll angle of -¢. Measurements were repeated
300 times at each plane with a velocity
acquisition rate of 7.5Hz. Intervals of two laser
pulses were set to be 25us. The standard data
validation method recommended in [13] was
applied to the measured data. Mean velocities
were obtained as ensemble averages. The
overall accuracy of the mean velocity is 6%
based on the error estimation method in [14].
Vorticity & has been estimated using the
measured velocity data (v, w). § is defined by
g(m,n) ={w(m+1,n)—w(m-1,n)}/Ay

—{v(mn+)—v(m,n-D}/Az (1)
where (M, n) is the vorticity at grid position (m,
n), and Ay, Az are the grid spacing in the y and z
directions (velocity data are given on a discrete
grid in the PIV measurement plane). & is
nondimensionalized by U, and Cqc.

Since some CCD sensor pixels of the CCD
camera used for the PIV measurements (light
sensitive pixel number of the CCD camera:
1008 x 1018) have been damaged accidentally,
the correct velocity distributions could not be
obtained around these sensor pixel areas. These
areas are indicated in the ovals in the PIV
results (eg. see Figure 4).

When the PIV measurements and the
balance measurements are conducted at the
same time (please refer to 3.2.2), the model was
rolled in the same manner as the balance
measurements described above. While the
model is at rest at each ¢, the velocity

acquisition made by the PIV were conducted to
obtain 5 pictures. By repeating the roll cycle
(6=-30° —> +30° — -30°) for 60 times, 300
pictures were obtained for each ¢ and the
averaged velocity distributions were obtained.

Smoke flow visualization tests were
conducted to describe the flow around the
model. The oil mist used for the PIV
measurements was also used to visualize the
flow. The light sheet used to illuminate the flow
was normal to the x axis. The smoke
visualization  picture was taken from
downstream of the model. Smoke visualization
tests were conducted at U,=7m/s to improve the
smoke density inside the flow. Oil flow
visualization tests were also made to describe
the surface flow pattern.

3 Results and Discussion
3.1 Original Wing without Flap Deflection

In this section, the performance of the original
wing without flap deflection is summarized and
discussed. Figure 3 shows the results of static
rolling moment characteristics C,o versus roll
angle ¢ for different incidence angles 6 without
flap deflection (S000000). The mean rolling
moment when the roll angle ¢ was increased
from -30° to +30° and when ¢ was decreased
from +30° to -30° are indicated separately. This
figure shows that the linear restoring (stable)
moment for the roll direction is acting on the
wing at the incidence angles 0 of 12° and 14°.
As explained in [15] for the wing at relatively
low incidence angles, decrease in the effective
sweepback angle on the leeward wing and
increase in this angle on the windward wing
cause the restoring moment when the roll angle
of the delta wing is increased. As the incidence
angle is increased, the linearity observed at
lower 0 is gradually lost. At 0=26°, C.u
indicates both the restoring and the unstable
rolling moment distributions alternately. At
0=28°, C,on drastically changes its state to an
unstable one. This unstable characteristic is also
observed at 6=30°. According to [16], abrupt
changes in the rolling moment at higher
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incidence angles are attributed to asymmetric
vortex breakdown.

Figure 4 shows the cross flow velocity and
vorticity distributions over the wing measured
by the PIV for S000000 configuration at the
incidence angle 0 of 20° and at 83% root chord
(x=0.83Cr). The measured roll angles are ¢=0°,
10° and 20°. Smoke flow pictures taken at the
same configurations are also shown. In this
paper the number of velocity vectors has been
reduced to 21 x 21 vectors for easiness in
viewing the results. At ¢=0° (Fig.4a, left wing
only), the formations of inboard vortex
(Y/Ciac=-0.4) and outboard vortex (Y/C,c=-0.7)
are clearly visible. The outboard vortex
originates from the kink of the cranked arrow
wing. As the wing is rolled to ¢=10° and 20, the
absolute value of the vorticity § increases at the
centre region of the inboard vortex on the
leeward wing (left wing) and the vortex core is
clearly visible in the visualized picture when
$=20°. The wing roll increases the effective
sweepback angle on the leeward wing that
causes the vortex breakdown location to move
toward the trailing edge and that creates
stronger vortices upstream of the breakdown
point [16].

Figure 5 shows the results for S000000
configuration at Xx=0.55Cr when 6=20° and
¢=20°. Since the measured cross plane were
located upstream of the outboard wing, the
outboard vortex is not observed.

Figure 6 shows the results for S000000
configuration at 6=26° and at x=0.83Cr when
$=20°. The vorticity of the inboard vortex is

much smaller than that at 6=20°, ¢=20° (Fig.4c).

This indicates that large vortices, that have
already been broken-down, are formed on this
configuration. The outboard vortices on the
windward and leeward wings are located much
further away from the wing surface when
compared to the results at 6=20°, $=20°.

3.2Wing with Outboard Flap Deflection

In this section, the performance of the cranked
arrow wing with the outboard leading-edge flap
deflection is discussed.

3.2.1 Overall Characteristics

Figure 7 shows the results of C,o versus ¢
for different 0 with the outboard flap deflection
of 0a pou=12° (S001200). This figure indicates a
linear restoring rolling moment until 6=16°.
Nonlinear rolling moment characteristics are
seen at O higher than 18°. Both the restoring and
the unstable rolling moment distributions are
observed alternately at 0=28°. The unstable
static roll characteristic is observed for all the
measured roll angles at 6=30°. Furthermore, at
0=20°, rolling moment hystereses are observed
at the roll angle of ¢=120° and 22° (i.e.
different rolling moment is measured when the
model is rolled in the clockwise direction (from

=-30° to +30°) and in the counter-clockwise
direction (from ¢=-30° to +30°) when seen from
downstream of the model). Similar static rolling
moment hystereses have been observed for the
65° and 80° delta wings [17, 18].

Figure 8 shows the cross flow velocity and
vorticity distributions over the wing for
S001200 configuration at the incidence angle 0
of 20° and at x=0.83Cr together with the smoke
visualization pictures. The results at ¢=0° are
shown in Fig.8a. When compared to the results
in Fig. 4a, it can be said that the deflection of
the outboard wing has little effect on the
formation and location of the inboard primary
vortex. However, the outboard vortex (y/Cpac=-
0.7) is located much closer to the surface and
much further away from the inboard vortex
when compared to S000000 because of the
outboard flap deflection. Figure 8b shows the
results at ¢=10°. This figure shows that the
outboard vortices formed both on the windward
and leeward wings are still located closer to the
surface than that of S000000 at the same
condition (Fig.4b). Furthermore, the absolute
values of the vorticity at the centre of the
outboard vortices for S001200 are slightly
higher than those for S000000. Figure 8c shows
the results for S001200 at ¢=20°. Similar
tendency to that at ¢=10° is observed.

3.2.2 Rolling Moment Hystereses
The rolling moment hystereses cannot be
discussed from Fig.8c, because each PIV

5



Kenichi RINOIE, Masashi SHIROTAKE and Dong Youn KWAK

measurement at different roll angles was done
independently. It has been thought that the PIV
measurements should also be conducted in a
similar manner to those of the rolling moment
as described in the Experimental Details.
Figures 9 and 10 show the cross flow velocity
and vorticity distributions over the wing for
S001200 configuration at 6=20° and at
x=0.83Cr together with the smoke visualization
pictures, when the PIV measurements were
conducted as described above. Figure 9 is the
results at ¢=18°, 20°, 22° and 24° when the
model is rolled in the clockwise direction seen
from the downstream of the model. Figure 10 is
the results when the model is rolled in the
counterclockwise direction. It must be noted
that the measurements were done from ¢=-30°

to +30° in Fig. 9 and from ¢=+30° to -30° in Fig.

10 to conduct the measurements at the same
condition as the rolling moment measurements.

Figures 9a and 10a indicate that there are
almost no differences between the PIV results in
the clockwise rotation and those in the
counterclockwise rotation at the same roll angle
of ¢=18°. Figures 9d and 10d also indicate no
difference between the two at ¢=24°. However,
at ¢=20° and 22°, differences are observed in
the inboard vortex on the leeward wing between
the results in the clockwise rotation and in the
counterclockwise rotation when compared to
either the set of Fig.9b and Fig.10b or the set of
Fig.9c and Fig.10c. When the model is rolled in
the counterclockwise direction (Figs. 10b and
10c), the inboard vortex core on the leeward
wing is clearly visible in the velocity
distributions (i.e. high vorticity at the vortex
core) and in the smoke pictures. On the other
hand, according to the results in the clockwise
direction (Figs. 9b and 9c), the vortex core of
the inboard vortex on the leeward wing is not
clearly visible and the absolute value of
vorticity at the outboard vortex is lower than
that of Figs. 10b and 10c. As for the windward
wing, the inboard vortices of all of the figures
show almost the similar distributions. This
means that the flow is not affected by the
difference in the rolling direction on the
windward wing at ¢$=20° and 22°.

From the results in Figs. 9 and 10, it can be
summarized that the inboard vortex on the
leeward wing tends to keep the amount of
vorticity at the vortex core high, i.e. the vortex
does not break down until at a lower roll angle
when the model is rolled in the
counterclockwise direction (Fig.10b and 10c)
than when the model is rolled in the clockwise
direction (Fig. 9b and 9c). This means that the
chordwise position of the vortex breakdown of
the inboard vortex on the leeward wing is
affected by the roll directions.

Here we compare the rolling moment
results shown in Fig. 7 to the PIV measurements
in Figs. 9 and 10. The triangular symbol at
$=20° when 6=20° in Fig.7 corresponds to the
PIV results in Fig. 9b and the rectangular
symbol at $=20° corresponds to the PIV results
in Fig. 10b. The inboard vortex on the leeward
wing when rolled in the counterclockwise
direction has a higher absolute value of vorticity
than that when rolled in the clockwise direction,
as was seen in Figs. 9b and 10b. Therefore, in
this case, the rolling moment stability has
decreased. The absolute value of C, 1s smaller
than that in the clockwise direction, as was
shown by the rectangular symbol at ¢=20° in
Fig. 7.

As noted in the Experimental Details
section, the present measurements were done by
rolling the model at 2° increments between ¢=-
30° and +30°. The model stopped rolling at each
prescribed roll angle and stayed still for about
3.5sec, while the rolling moment and PIV
measurements were conducted. This
measurement was repeated for 10 cycles and the
mean value of C,y; was obtained. Here,
additional rolling moment measurements were
done by doubling this stationary time at each
roll angle. The measured results still indicated
the rolling moment hystereses very similar to
the one observed in Fig. 7.

Figure 11 shows the velocity distributions
inside the inboard vortex at 6=20° and at
x=0.83Cr for ¢=18°, 20°, 22° and 24° when
rolled either in the clockwise or in the
counterclockwise directions. The velocity
distributions W, along the line that is parallel to
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the y, axis are indicated (please see an
explanatory sketch of this figure). This line
includes the vortex centre position for the
inboard vortex on the leeward wing. The centre
of the vortex location was determined from the
measured velocity distributions by PIV when
Vvp=0 and w,=0 (Vp is the velocity component
parallel to the y;, axis). Fig. 11 shows that the
velocity distributions W, when rolled in the
clockwise direction are relatively similar to
those when rolled in the counterclockwise
direction at ¢=18°. The same tendency is seen at
$=24°. However, at ¢=20° and 22°, absolute
values of w, when rolled in the
counterclockwise direction is much higher than
those when rolled in the clockwise direction.
The higher absolute value of velocity means a
strong velocity gradient at the centre of the
vortex which is a typical feature of the leading-
edge separation vortex before breakdown [19].
On the contrary, the decrease in velocity
gradient near the core region is the feature of the
vortex breakdown [20]. Therefore, the observed
velocity difference between the clockwise and
counterclockwise rotation at ¢=20° and 22°
comes from the fact whether the vortex has been
broken down (lower velocity gradient of W) or
not (higher velocity gradient of w,). These
results confirm the observations discussed in
Figs. 9 and10.

3.2.3 Discussion

Figure 12 shows the oil flow visualization
pictures together with the smoke flow
visualizations at x/Cr=0.55, 0.7, 0.77 and 0.83
for the SO00000 and S001200 at 6=20°, $=0°.
Results of both wings clearly indicate similar
formation of the inboard vortex. However the
smoke visualization tests suggest that the
inboard vortex has been broken down at
X/Cr=0.77 for S001200 while the inboard vortex
for S000000 has a vortex core at the same
chordwise station. The oil flow patterns over the
outboard wing are different for the two wings.
For S001200, because of the outboard leading-
edge flap deflection, the core diameter of the
outboard vortex is small when compared to that
of S000000 (see smoke picture at x/Cr=0.83 for

S000000). The smoke flow visualization picture
of S000000 (Fig.12a) indicates that the outboard
vortex and the inboard vortex are located very
near each other for S000000. This means that
the two vortices interact with each other. Ref.
[2] discussed that the vortex interaction on the
delta wing has a stabilizing effect with respect
to the vortex breakdown. The difference of
interaction between the inboard and the
outboard vortices for SO00000 and S001200 has
affected the vortex breakdown position for these
two configurations.

Figure 13 shows the observed chordwise
position of the vortex breakdown for the inboard
vortex formed on the left wing. Results of
S000000 at 6=20°, 26° and those of S001200 at
6=20° are shown. The breakdown positions
were determined with the aid of the smoke flow
visualization by observing the light sheet
normal to the X axis located at different
chordwise positions. Since the vortex
breakdown position is not steady and exhibits
fluctuations along the axis of the vortices [21],
positions where the vortex core is clearly visible
(closed symbol) and where the core is not
visible at all (open symbol) are indicated in this
figure. It is thought that the breakdown occurs
between these positions. Furthermore, to make
the observation easy, the freestream velocity
was decreased to U,=5m/s in this observation.

Figure 13 indicates that the breakdown
position on the windward wing (¢<O on left
wing) is relatively insensitive to the roll angle.
This figure also shows that the breakdown
position of S001200 is located upstream of that
of S000000 at 6=20° as discussed in Fig.12. On
the leeward wing of S001200, the breakdown
position rapidly moves from about x/Cr=0.85 to
the trailing-edge at about ¢=20°. This rapid
movement of the breakdown position near the
trailing-edge was also observed on the delta
wings that have different sweepback angles [22].
Figure 7 indicated that there are rolling moment
hystereses at this roll angle. Ref. [17] discussed
that the hystereses, observed for the delta wing,
are caused by the vortex breakdown location
rapidly crossing the trailing-edge. This agrees
with the observations for S001200 in Fig.13.

7



Kenichi RINOIE, Masashi SHIROTAKE and Dong Youn KWAK

Similar rapid movement of breakdown near the
trailing-edge is also observed for S000000 at
6=26° near ¢=30°. However, the rolling
moment hystereses were not observed at this
configuration as was shown in Fig.3. Figure 12
indicated that the inboard and outboard vortices
are merging into one vortex at 6=20°, ¢=0°.
Comparisons between Fig.4c (S000000) and
Fig.8c (S001200) indicated that the outboard
vortices are located much nearer to the inboard
vortex for S000000 at 6=20° when ¢=0°, 10°
and 20° at x/Cr=0.83. These results suggest that
the inboard and outboard vortices are merging
into a single vortex on the S000000 wing near
this chordwise station. When the two vortices
are located relatively near such as on the
76°/40° double delta wing [23], it is reported
that the breakdown of the inboard vortex is
triggered by the burst of the outboard vortex. It
is thought that the inboard and outboard vortices
formed on S000000 affected each other in a
similar manner to those formed on the wing in
[23]. This may have a possibility to preclude the
rolling moment hystereses for SO00000. On the
contrary, since two vortices on S001200 behave
independently, the rolling moment hystereses
were observed that is quite similar to those for
delta wings [17,18].

Another rolling moment characteristics that
should be specially mentioned in Fig.7 is that at
0=18° and 20° the slope of the C,, versus ¢
curve is locally positive near ¢=0°. This locally
unstable C,, slope at $=0° was also observed at
65° delta wing at the incidence angle higher
than 30° [24]. Ref. [24] discussed that the
movement of vortex breakdown generates a
statically unstable C,.; slope at ¢=0°. However,
as Fig.13 indicates, the movement of vortex
breakdown location is very small near ¢=0°.
Further investigation is necessary to clarify this
phenomenon.

As described before, the tested Reynolds
number based on C,,c was Re=6.2x10*. Refs.
[25] and [26] investigated the sensitivity of the
Reynolds number on the double delta wing
performance. Although the effect of Reynolds
number on the force measurements is small, the
inboard and outboard vortices are coiled-up at

low Reynolds number, but they remain
separated at high Reynolds number [26]. The
reported critical Reynolds number based on the
root chord in [26] was the order of 10* and it
was dependent on the wing leading-edge
sweepback angle. This suggests that both the
flow around the present SST configuration and
the rolling moment hystereses observed in this
paper may be dependent on the Reynolds
number. Further investigation is also necessary
to clarify the effects of Reynolds number on the
SST static roll characteristics and the rolling
moment hysteresis.

3.3Wing with Inboard Vortex Flap Deflection

In this section, the performance of the cranked
arrow wing with inboard vortex flap deflection
is summarized. Figure 14 shows the results of
Cron versus ¢ for different 6 with vortex flap
deflection of g gix=30° (S300000). This figure
indicates that overall tendency of C,,j at 6 < 20°
is relatively similar to that of S000000 (Fig.3).
At 0>20°, C,o indicates both the restoring and
the wunstable rolling moment distributions
alternately as in the S000000 wing at 6=26°.

Figure 15 shows the cross flow velocity
and vorticity distributions over the wing for
S300000 configuration at the incidence angle 0
of 20° at x=0.55Cr and 0.83Cr. When compared
to the results in Fig.5 and Fig.15a (both of them
were measured at X=0.55Cr), the inboard vortex
formed on the leeward wing for S300000 is
located nearer to the wing surface than that for
S000000 because of the inboard vortex flap
deflection. When compared to the results in
Fig4c and Fig.15b (both of them were
measured at Xx=0.83Cr), these figures show quite
similar inboard vortex distributions. However,
the outboard vortex of S3000000 indicates
weaker vorticity distributions when compared to
that of S000000 (Fig.4c). The rolling moment
hystereses are seen at around ¢=25° at 6=26° in
Fig.15. Further details of these hystereses
should be investigated.
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4 Conclusions

Wind tunnel measurements were done on a
cranked arrow wing SST configuration with and
without leading-edge flaps and leading-edge
vortex flaps. The purpose of the measurements
is to discuss the effect of leading-edge flap and
vortex flap deflections on the static roll
characteristics of the cranked arrow SST
configuration.

1) Original wing without flap deflection
indicates linear restoring moment for the roll
direction at lower incidence angles 6<16°. As
the incidence angle increases, this linearity is
lost. At 6>26° the rolling moment drastically
changes its state to an unstable one.

2) When the outboard leading-edge flap is
deflected 12°, rolling moment hystereses are
observed at the roll angle ¢ of about 20° at the
incidence angle 0 of about 20°. Cross flow
velocity measurements at 83% chordwise
position revealed that the vortex formed on the
inboard wing does not break down until at a
lower roll angle when the model is rolled in the
counterclockwise  direction  (seen  from
downstream) than when the model is rolled in
the clockwise direction. It was indicated that the
vortex breakdown chordwise position on the
inboard wing is different between when the
wing is rotated in the clockwise direction and
when it is rotated in the counterclockwise
direction.

3) When the inboard leading-edge vortex flaps
are deflected, the rolling moment characteristics
are relatively similar to those of the original
wing without flap deflections.
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