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Studies on Vortex Flaps with Rounded Leading Edges
for Supersonic Transport Configuration
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Wind-tunnel measurements were taken on a cranked arrow wing supersonic transport configuration with
leading-edge vortex flaps. Force and surface pressure measurements were made at Reynolds number based on
the wing mean aerodynamic chord from 9.2 x 10° to 3.8 x 10°. Two different flap cross sections (the originally
designed nonrounded leading edge and the rounded leading edge) were tested. The purpose of the measurements
is to clarify how the differences of the Reynolds number affect the flow around the rounded leading-edge vortex
flaps and the flap performance. The wing with the rounded leading-edge vortex flaps indicated some benefit of the
lift/drag ratio as compared with those of the nonrounded vortex flaps at a relatively high-lift coefficient greater
than 0.3. Different flow patterns were observed over the rounded leading-edge vortex flaps when the Reynolds
number was increased at a lift coefficient greater than 0.5. The spanwise length of the separated region shortens

as the Reynolds number is increased.

Nomenclature
b = local span, m
bmax = Wwing maximum span length, m
Ca = axial force coefficient
Cp = drag coefficient
CL = lift coefficient
Cn = pitching moment coefficient nondimensionalized
using Cy,,c and measured about 0.25 Cy,c
Cmnae = wing mean aerodynamic chord, m
C, = pressure coefficient
C, = wing root chord at model centerline, m
D = rounded leading-edge diameter, m
L/D = lift/drag ratio
M = freestream Mach number
Re = Reynolds number based on mean aerodynamic chord
Usx = freestream velocity, m/s
X = chordwise coordinate measured from apex
of delta wing at model centerline, m
y = spanwise coordinate orthogonal to x, measured
from model centerline, m
o = wing angle of attack, deg
dmein = inboard vortex flap deflection angle, deg
Sppowr = outboard leading-edge flap deflection angle, deg
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Introduction

LEADING-EDGE vortex flap is a full span deflectable surface

at the leading edge of a delta wing.! With the flap deflected
downward, a leading-edge separation vortex is formed over the
forward-facing flap surface. The suction force generated by the vor-
tex acts on the flap and generates a thrust component. Hence, it
reduces the drag and improves the lift/drag (L/D) ratio, which is
an essential factor for the improvement of the takeoff and climb
performance of the delta wing aircraft such as a next generation su-
personic transport. Many studies have confirmed the benefit of the
vortex flap.>~*

Rinoie and Stollery,’ Rinoie et al.,® Rinoie,” and Rinoie and
Kwak® have made several experimental studies of vortex flaps for
delta wing configurations. In these studies, the four main factors that
affect the vortex flap characteristics (i.e. flap deflection angles),’
wing sweepback angles,® leading-edge cross sections,” and flap
hinge-line positions® are discussed. Throughout these studies, the
effects of these four factors were discussed.

Itis known for a plain delta wing with rounded leading edges that
alarge fraction of the leading-edge suction force acts on the rounded
leading edge and reduces the drag component of the delta wing.”~!?
In Ref. 7 a combination of the vortex flaps and the rounded leading
edge is examined. When the rounded leading-edge vortex flaps were
deflected, suction forces, which are caused both by the leading-edge
separation vortex over the flap surface and by the rounded leading
edge, reduced the drag component and increased the lift/drag ratio.
It was revealed in Ref. 7 that the 60-deg delta wing with the rounded-
edged vortex flaps is more effective than the wing with sharp-edged
vortex flaps when C; is relatively high (C, > 0.4).

Further studies have been conducted to clarify how the rounded
leading-edge vortex flap improves the wing performance and are
described here. The wing model tested has a cranked arrow wing
that is used for a supersonic transport (SST) configuration. The
vortex flap benefit on the SST configuration has been studied in
Refs. 13—-15. In these studies, the leading edge of the original wing,
which was optimized for a supersonic cruise, was simply deflected
as the vortex flap, or a sharp-edged thin flat plate was attached on the
lower surface of the wing as the vortex flap; however, the effect of
the flap cross section on the performance of the SST configuration
has not been tested.

The wing configuration studied here is based on the cranked arrow
wing configuration that was designed for a supersonic flight-test
program currently underway by the National Aerospace Laboratory,
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Japan.' The original designed cranked arrow wing was modified so
that the leading edges can be deflected as leading-edge flaps. Two
different leading-edge cross sections were tested, that is, the original
design (relatively sharp leading edge) and the rounded leading edge,
which has a diameter of 2% of the wing mean aerodynamic chord.

It has been pointed out that the performance of a rounded-edged
delta wing is affected by the Reynolds number (see Ref. 11). In
Ref. 7, tests were reported that were mainly conducted at a fixed
single Reynolds number. In this paper, however, tests are conducted
at several different Reynolds numbers to reveal the Reynolds number
effect on the rounded leading-edge vortex flaps.

Here, a 2 x 2 m low-speed wind tunnel and a 2 x 2 m transonic
wind tunnel were used for the tests. The force and surface pressure
measurements were made on the described SST configuration model
with different flap deflection angles and with different leading edges.
Measurements at the 2 x 2 m low-speed wind tunnel were made in
a range of angles of attack of from —4 to 430 deg at a Reynolds
number based on the mean aerodynamic chord Cp,e of 9.2 x 10°.
The performance of the vortex flap with the original leading edge has
been investigated in this wind tunnel. Measurements at the 2 x 2 m
transonic wind tunnel were made in a range of angles of attack from
—3 to 416 deg at the Reynolds numbers between 1.5 x 10° and
3.8 x 10° at a freestream Mach number M = 0.3. The benefit of the
rounded leading-edge vortex flaps and the effect of the Reynolds
number on the rounded-edged vortex flaps were investigated in this
wind tunnel.

In summary, the purpose of this study is to discuss the effect of
the rounded leading-edge vortex flap for the SST configuration and
to reveal the Reynolds number effect on the rounded leading-edge
vortex flaps.

Experimental Details

Figure 1 shows the model details. This SST configuration model
is based on the cranked arrow wing configuration with a fuselage

1360

section that was preliminary designed for the supersonic flight-
test program conducted by the National Aerospace Laboratory. The
wing has a sweepback angle of 66 deg at the inboard section and
42 deg at the outboard section. The kink is located between the
inboard and outboard wings at y/(bmax/2) =0.55. The main wing
was designed based on the supersonic lifting surface theory!” at a
design Mach number of 1.7, so that the wing has a warped wing
section. The inboard wing has a thickness distribution of a NACA
66-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%. Details of the wing cross section are
shown in Fig. 2.'® The leading edge of this model was modified so
that it has the vortex flaps on the inboard wing and leading-edge
flaps on the outboard wing (Fig. 1). Because 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 0.1C e 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 &g gi, 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 8q g0y for the outboard wing is
defined as the angle measured parallel to the freestream. The tested
flap deflection angles are 8q g, =0, 15, and 30 deg and g gou =0,
5, and 12.2 deg. 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 (8p gin, Stgow) = (15, 5 deg) and (30,
12.2 deg). Two rows of pressure tappings are located on the upper
surface (x/Cr =0.55 and 0.83). The nose section of the fuselage,
that is, 25% of the total fuselage length, is an ogive—cone—cylinder.

Rounded leading-edge flap configurations were tested by mod-
ifying the lower surface of the leading edge of the inboard sec-
tion of the original wing (Fig. 3). The flap deflection angle is
the same as the original flap section g i, =0, 15, and 30 deg. It
has a constant leading-edge diameter D of 0.01 m (=0.02Cpy,.)
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Fig. 1 SST model, in millimeters.
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Fig. 2 Cross sections of original designed wing with vertical axis enlarged twice as long for clarity.
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Fig. 3 Rounded leading edges (section A-A in Fig. 1).

between y/(bmax/2) =0.21 and 0.46. The diameter is defined in
the plane that is normal to the leading-edge line (section A—A in
Fig. 1). This diameter decreases linearly from y/(bmax/2) =0.21
toward y/(bpax/2) =0.12 and from y/(bp./2) =0.46 toward
V/(bmax/2) =0.55, so that the leading-edge configurations at
¥/ (bmax/2) =0.12 and 0.55 coincide with the original wing design.
Because the lower surface of the original wing was modified to
have arounded leading-edge section, the true flap deflection angle is
greater than &g iy, as can be seen in Fig. 3. Even when &g g, = 0 deg
for the rounded leading edge, the true flap deflection angle is about
12 deg. One additional pressure tapping is located at the leading
edge of the rounded leading-edge section at x /Cr = 0.55 (Fig. 3).

The experiments were made in a 2 x 2 m low-speed wind tunnel
and a2 x 2 mtransonic wind tunnel at the National Aerospace Labo-
ratory, Japan. Atthe 2 x 2 m low-speed wind tunnel, tests were made
at a tunnel speed of U, =30 m/s. The Reynolds number based on
the mean aerodynamic chord (Cy,c = 0.46 m) was Re =9.21 x 10°.
The freestream turbulence intensity of the tunnel is about 0.06%. The
angle of attack was in a range from —4 to 430 deg. Lift, drag, and
the pitching moment were measured using a six-component internal
balance. Surface pressure distributions were measured using elec-
tronic scanning pressure sensors (ESP). All of the aerodynamic coef-
ficients were calculated based on the original wing area without any
flap deflection. The effects of the Reynolds number were tested at
the 2 x 2 m transonic wind tunnel using the same model. Tests were
made at a tunnel speed of M = 0.3. By altering the wind-tunnel total
pressure, tests at different Reynolds numbers have been conducted.
Five different Reynolds numbers were tested (Re=1.44 x 10°-
3.83 x 10°). The root mean square value of the pressure fluctuation
in the tunnel is less than 1.1% when normalized by the freestream
dynamic pressure. The angle of attack was in a range from —3 to
416 deg. Lift, drag, and the pitching moment were measured us-
ing a six-component internal balance. Surface pressure distributions
were measured using a Scanivalve. The estimated overall accuracy
of the aerodynamic coefficients is 1% at 20:1 odds. The estimated
overall accuracy of the pressure coefficient is £2% at 20:1 odds.

Examples of the notation used in this paper are as fol-
lows. S301200 is the original wing with &ggin =30 deg and
SiLEou = 12 deg. R150500 is the rounded leading edge with a flap
deflection of &g gin = 15 deg and g gou = 5 deg. The last two digits
of this notation are reserved for the trailing-edge flap. The effects of
the trailing-edge flap were also investigated using the same model,
and the results are described in Ref. 18.

Flap Performance of Original Wing

In this section, the performance of the original wing with flap de-
flection is briefly discussed. Figures 4a—4d show the lift, drag, pitch-
ing moment, and lift/drag curves at Re =9.21 x 10°. Figures 4a and
4b show the results for the original SST configuration with no flap
deflection (S000000), the configuration of the inboard vortex flap
deflection &g g, = 15 deg (S150000), that of the outboard leading-
edge flap deflection &g pow =5 deg (S000500), and finally for the
combinations of the vortex flap 8q g, = 15 deg and the leading-edge
flap deflections g gou = 5 deg (S150500).

The C. vs « curves in Fig. 4a show that the vortex flap and
leading-edge flap deflections (S150000, S000500, and S150500)

slightly decrease C, as compared with SO00000, especially when
« is greater than 10 deg. The Cp vs « curves in Fig. 4b show
that Cp decreases as compared with SO00000 when the vortex flap
and the leading-edge flap are deflected. The C,, vs C, curves in
Fig. 4c show that C,, is slightly affected by the flap deflection,
except when S000500. References 5-8 indicated that the vortex
flap has little effect on C,, for the delta wings. The plan shapes of
the wing and the flaps are different between the present cranked
arrow configuration and the delta wings in Refs. 5-8. This may be
the reason for the different behavior of C,,. Note that the C,, was
measured about 0.25C,,. in this paper, although the C,, of the delta
wing configuration is often referenced to 0.5C,. for stability and
control analyses.

Figure 4d shows the lift to drag ratio (L/D) vs C,. Figure 4d
shows that the vortex flap deflection (S150000) has some benefit
when Cp, =0.2-0.6 as compared with that of SO00000. The results
of the outboard leading-edge flap (S000500) indicate that the L /D
is slightly improved for SO00500 between C;, =0.15 and 0.6. The
maximum value of L/D is also improved as compared with that
of S000000. However, these results are not so encouraging as com-
pared with those of the delta wing with the vortex flaps reported in
Refs. 5-8.

When the vortex flaps and the leading-edge flaps are deflected at
the same time (S150500), a higher benefit can be seen in the C; range
between 0.2 and 0.7. The percentage increase in L/D for S150500
as compared with the SO00000 is about 12% between C; = 0.25 and
0.5. The combined use of the vortex flaps and the leading-edge flaps
shows some benefit for the performance of the SST configuration.
It has been reported in Ref. 15 that the C; range at SST’s takeoff is
between 0.4 and 0.6. Similarly, a C, of approximately 0.4-0.5 will
be used here to discuss the flap performance at takeoff.

Figure 5 shows the surface pressure distributions for the same flap
configurations as in Fig. 4, in the spanwise direction for the upper
surface at x/Cr =0.55 and 0.83 when o =5 and 10 deg. Figure 5a
indicates that the vortex flap (S150000) suppresses the separation
over the flap surface at a relatively low angle of attack (« =5 deg)
atx/Cr =0.55. This agrees with the observation reported in Ref. 5.
Figure 5c¢ (¢ =10 deg, at C; = 0.4) indicates that, as for S150000,
the spanwise length of the separated region at x/Cr =0.55 is re-
duced as compared with S000000, and the location of this separated
region is confined mainly on the vortex flap surface. This confirms
the description made in the second section that the inboard flap de-
flection (S150000) works as the vortex flap, and thus, the L/ D has
slightly been improved at C;, = 0.4 as was shown in Fig. 4d.

As for the outboard leading-edge flap configuration (S000500),
Fig. 5b (¢ =5 deg, C, =0.2) shows that the separation is sup-
pressed at x/Cr = 0.83. This suppression may have improved the
L/D at C, =0.2 as was shown in Fig. 4d. Figure 5d (o = 10 deg,
at C; =0.4) indicates that as for SO00500 there are two suction
peaks at x/Cr =0.83. The first suction observed on the flap sur-
face is caused by the separation at the leading edge of the outer
leading-edge flap. The second suction peak is observed near the
kink station [y/(b/2) = 50-70%]. Because the suction peak near the
kink is also observed on SO00000 in Fig. 5, this suction is thought
to be caused by the separation from the kink or the inboard wing
section.
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Fig. 4 Effects of vortex flaps and leading-edge flaps for original leading-edge, force measurements, Re =9.21 x 10°.
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Fig. 5 Effects of vortex flaps and leading-edge flaps for original leading-edge, surface pressure measurements, Re =9.21 x 10°.



RINOIE ET AL. 833

0.75
| —o-S000000 L
| —aR000000 /
050 — . 5150500
I —=— R150500
C|_ r |
0.25
0.00 |
Y J D S
0 5 10 15
[deg]
a) C—«
0.20
i —o—S000000
[ —a— R000000
0.15
[ —%- §150500
—+— R150500
C L
.10 /
0.05 |
0.00
0 5 10 15
[deg]
b) Cp—a

0.10 .
—o—S000000
0.05 —— R000000
0.00 - S$150500
—— R150500
Cp -0.05
-0.10 50
-0.15
-0.20
0.00 0.25 0.50 0.75
C.
c) C,,—Cy,
14.0

M A NN
N/ S\ N
Lo f// \A‘\\X

—o— 5000000 \

4.0 —a— R000000 L
—-S150500

2.0

i —= R150500
o0fF—— T . —
0.00 0.25 0.50 0.75
C.

d) L/D-Cy,

Fig. 6 Effects of rounded leading edge with and without flap deflection, force measurements, Re =3.41 x 10°.

When the inboard vortex flaps and the outboard leading-edge flaps
are deflected at the same time (S150500), Figs. Sa and 5¢ show that at
x/Cr =0.55 the pressure distribution of this configuration is quite
similar to that of S150000. This means that S150500 is working as
the vortex flap at x/Cr =0.55 when o =10 deg. At x/Cr =0.83,
the C, distributions in Fig. 5d indicate that the S150500 behaves like
S150000 at the inboard section near y/(b/2) = 50-70%. (Note that
the suction region near the kink at @ = 10 deg is not observed that was
seen in S000500.) This may have helped to reduce the drag. For these
reasons, the combination of the inboard vortex flaps and the outboard
leading-edge flaps improves the L/D as was seen in Fig. 4d.

Tests at 8 gin =30 and o = 12.2 deg were also conducted.
The results of S301200 indicated characteristics similar to those of
S$150500.

Effects of Rounded Leading Edge

Figure 6 shows the lift, drag, pitching moment, and lift/drag
curves when the wing has an inboard rounded leading edge with
and without flap deflection (RO00000 and R150500) together with
the results from the original wing (S000000 and S150500) at
Re =3.41 x 10°. When the inboard vortex flap was deflected 15 deg,
the outboard leading-edge flap was also deflected 5 deg to minimize
the gap between these flaps. The lift to drag ratio (L/D) vs the C,,
curve indicates that ROO0000 shows better L/D ratios than does
S000000 when C; values are greater than 0.2. A suction effect of

the rounded leading edge is demonstrated. The rounded leading-
edge vortex flaps (R150500) also indicate better L/D ratios when
compared with those of S150500 when C;, > 0.3. The percentage
increase in L/D for R150500 as compared with S000000 is about
27% at C; = 0.4 at this Reynolds number. These results confirm the
benefit of the rounded leading-edge vortex flaps as in Ref. 7.

Figure 7 shows surface pressure distributions at x / Cr = 0.55 for
these four configurations at « =8, 10, and 12 deg. The formation
of the leading-edge separation vortex is observed for most of the
configurations. Figures 7 indicate that, as the leading-edge radius
is increased (SO00000 — R0O00000 and S150500 — R150500), the
spanwise length of the suction region is reduced. A similar trend
was seen in Ref. 7.

Experiments with a 30-deg inboard vortex flap deflection
(R301200) were also conducted. However, nothing beneficial was
observed as compared with those of S301200. This may be explained
by the drag increase due to the flow separation occurring underneath
the flap because of a high deflection angle at the lower surface of
the rounded-edged flap (Fig. 3c).

Effects of Reynolds Numbers on Rounded Leading Edge

Figure 8 shows the C, distributions (=12, 14, and 16 deg at
x/Cr =0.55) when the Reynolds number is increased for the orig-
inal (NACA 6-series nonrounded) leading-edge wing with flap de-
flection (S150500). The C,, distributions in Figure 8 show only a
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Fig. 7 Effects of rounded leading edge with and without flap deflection,
surface pressure, Re =3.41 x 105,

small difference in the cases at different Reynolds numbers. This
clearly indicates that the flow around S150500 is not affected by the
Reynolds numbers.

Figures 9a and 9b show the L / D and the axial force coefficient C 4
distributions at different Reynolds numbers for the rounded leading-
edge wing (R150500). C, is defined by
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Fig. 8 Effects of Reynolds number on original leading-edge wing,
surface pressure, S150500.

The negative value of C, is caused by the leading-edge suction
force and by the suction pressure acting on the positive slope area
on the upper rounded surface of the deflected flap. Although a high
L/ D benefit was expected as the Reynolds number is increased, the
L/D distributions in Fig. 9a show only a small increase in L/D.
The C, distributions in Fig. 9b also show that the C, is not very
affected by the difference in the range of the tested Reynolds num-
bers. However, the C,, distributions at different Reynolds numbers
for R150500 in Fig. 10 indicate that, as the Reynolds number is
increased, the suction peak decreases and the spanwise length of
the suction region is reduced especially at « =14 and 16 deg. As
noted before, different Reynolds numbers were achieved by vary-
ing the wind-tunnel total pressure. Because the cranked arrow wing
has a swept elastic axis, the outboard wing panel deflects upward
with increasing load from increasing dynamic pressure. Therefore,
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Fig. 9 Effects of Reynolds number on rounded leading edge, L/D-Cy,
and C4-Cr, R150500.

the data presented in Fig. 9 may be affected by the local twisting
deformation of the outboard wing panel such that Fig. 9 shows a
combined Reynolds number and static aeroelastic effects. However,
surface pressure distributions at x /Cr =0.55 presented in Figs. 8
and 10 are far enough inboard that they may not be affected by
these static aeroelastic effects because the inboard wing is thicker
and does not twist as much as the outboard wing.

To see clearly the flow pattern changes when the Reynolds num-
ber is increased, crossflow patterns over the flap surface are shown
for certain o and Reynolds number in Figs. 11 (S150500) and 12
(R150500). Crossflow patterns are deduced from the surface pres-
sure measurements at x / Cr = 0.55. The angles of attack v, when the
L /D attains its local maximum for a constant Reynolds number and
when the C; equals about 0.5 are specifically indicated in Figs. 11
and 12. Typical flow patterns and the examples of corresponding
pressure distribution are also shown. Figure 11 shows that as for
S150500 the flow in the crossflow planes at x/Cr =0.55 can be
divided into three different regimes. First, in regime A, the leading-
edge separation vortex is not formed or only a small separation bub-
ble is formed at the leading edge. Second, in regime B, the leading-
edge separation vortex is formed over the flap surface. Third, in
regime C, a large separation vortex is formed, and its reattachment
line is located inboard of the flap hinge line. Figure 11 also shows
that the o, where the boundary between these three regimes lies, are
almost identical for different Reynolds numbers. This agrees with
Fig. 8, where the Reynolds number tested here does not affect the
flow over S150500.

Figure 12 indicates the crossflow pattern distributions for
R150500. Here, the flow is divided into four different regimes.
Regimes A and C are the same as in Fig. 11. However, regime
B in Fig. 12 is divided into two regimes (B-1 and B-2). Regime
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Fig. 10 Effects of Reynolds number on rounded leading edge, surface
pressure, R150500.

B-1 in Fig. 12 corresponds to regime B in Fig. 11. In regime B-2,
the leading-edge separation vortex is formed on the flap surface
as in regime B-1. However, inboard of the flap hinge line, the C,
distributions indicate that there is a small suction region. This may
indicate that the flow separation also occurs inboard of the flap hinge
line. However, because the suction pressure is very small and the
dominant flow pattern is the leading-edge separation vortex on the
flap surface, we have named this region B-2, a kind of derivation
from regime B-1. Figure 12 indicates that, as the Reynolds num-
ber is increased, the o where the boundary between regime C and
B-2 increases in the « axis when Re > 2.5 x 10°. This corresponds
to the flow observed in Fig. 10, where the flow pattern changes as
the Reynolds number is increased. The Reynolds number effect is
observed at a higher Reynolds number and a higher « (C, > 0.5).
However, as was seen in Fig. 9, this flow pattern change has only a
small influence on the wing lift/drag ratio itself in this test.
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Fig. 13 Effects of surface roughness, surface pressure, R150500, Re =9.21 x 10°.

Effects of Surface Roughness on Rounded Leading Edge

It has been thought that the reason for the Reynolds number
effects observed in the preceding section is the difference of the
boundary-layer transition position and the subsequent reduction
of the separation region over the flap surface. Therefore, supple-
mentary tests were made at the 2 x 2 m low-speed wind tunnel
(Re=9.21 x 10°) to examine the Reynolds number effect by adding
roughness to the leading edge of the upper surface of the model with
a rounded leading edge (R150500). The roughness used was an ad-
hesive thin strip 0.15 mm thick and 1 mm wide. These strips were
attached at three different positions separately, positions 1, 2 and 3,
that is, roughness 1 was 4 mm from the leading-edge, roughness 2
was 8 mm, and roughness 3 was 12 mm (Fig. 13). The strips located
at roughness position 1 would be sufficient to cause transition to
turbulent flow at the tested Reynolds number, according to the es-
timation method based on Ref. 19 if the flow is a two-dimensional
boundary layer over the flat plate. The main focus of roughness
was to see the sensitivity of the results to the Reynolds number by
simulating the turbulent boundary layer that is expected at a higher
Reynolds number.

Figure 13 shows the surface pressure distributions for R150500 at
o = 14 and 16 deg with roughnesses 1-3 and also without roughness.
Figure 13 indicates that as the roughness position moves toward the
leading edge (position 3 —> position 1), the spanwise length of the
suction region becomes shorter. When the data in Fig. 13 are com-
pared with those in Fig. 10 that were measured at different Reynolds
numbers, Figs. 13 and 10 show quite similar distributions at « = 14
and 16 deg. This suggests that the transition point on the flap surface
may have moved either when the roughness position is changed or
when the Reynolds number is increased. However, the flow char-
acteristics over the flap surface, that is, laminar or turbulent flow,
were not measured in this study. To make the preceding discussion
clearer, more detailed flow measurements are necessary. Because
the flow considered here is the one around the rounded leading edge
of a sweptback wing, it is thought that the flow is affected by a
crossflow instability.

Note that the rounded leading edge may be used for the inboard
wing leading edge such as the present model when flying at su-
personic speed because the inboard leading edges are by design
swept enough to have the flow normal to the leading edge remain
subsonic even when the aircraft is flying at supersonic cruise con-
ditions. However, the rounded leading edge for the outboard wing
can only be used when flying at low speed because of a high wave
drag penalty at supersonic speeds.

Conclusions

Wind-tunnel measurements were taken on a cranked arrow wing
SST configuration. Two different flap cross sections (originally de-
signed NACA 6-series nonrounded leading edge and the rounded
leading edge) were tested. The purpose of the measurements is
to clarify how the differences of the Reynolds number affect the
flow around the rounded leading-edge vortex flaps and the flap
performance.

1) The combination of the nonrounded vortex flaps at the in-
board wing and the leading-edge flaps at the outboard wing shows
a lift/drag ratio benefit in the lift coefficient range of 0.2-0.7 as
compared with the wing without flap deflections.

2) The rounded leading-edge vortex flaps indicate some benefit
of the lift/drag ratio as compared with those of nonrounded vortex
flaps at a relatively high-lift coefficient greater than 0.3.

3) Different flow patterns were observed over the rounded
leading-edge vortex flaps when the Reynolds number is increased at
lift coefficient greater than 0.5. At a lower Reynolds number, a sep-
aration vortex that has a relatively long spanwise length is formed.
When the Reynolds number is increased, the spanwise length of the
separated region shortens.
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