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ABSTRACT

The aerodynamic performances of a non-slender 50° delta wing with
various leading-edge bevels were measured in a low speed wind
tunnel. It is found that the delta wing with leading-edge bevelled
leeward can improve the maximum lift coefficient and maximum lift
to drag ratio, and the stall angle of the wing is also delayed. In
comparison with the blunt leading-edge wing, the increment of
maximum lift to drag ratio is 200%, 98% and 100% for the wings
with relative thickness t/c = 2%, t/c = 6.7% and t/c = 10%, respec-
tively.

NOMENCLATURE

c root chord length of the delta wing, cm

tle relative thickness of the delta wing

Cp drag coefficient of the delta wing

o lift coefficient of the delta wing

Clinax maximum value of C;

Cu zero lift coefficient of the delta wing, the lift coefficient
of the delta wing at zero angle-of-attack

ACy, zero lift coefficient increment of the delta wing relative
to the blunt wing

C,/Cp lift to drag ratio of the delta wing

(C/Cp) ey maximum value of C;/ Cp

t delta wing thickness, cm

o angle-of-attack of the delta wing, deg

o stall angle of the delta wing, deg

B bevel angle, deg

1.0 INTRODUCTION

Since the wind tunnel experiments conducted by Werle() in 1954,
the investigations on vortex formation, development and breakdown
have attracted great attentions both experimentally and numerically
for flow over delta wings, and the effects of angle-of-attack,
thickness, sweep angle, leading-edge and trailing-edge cross-
sections, Reynolds number and fuselage are involved. The detailed
review may be found in Ashley et al®, Rockwell® and Gursul®.

As early as 1964, Earnshaw® pointed out that the leading edge
cross-section was one of the key parameters which influenced the
vortex breakdown position, and he suggested that great attention
should be paid to this parameter. Afterwards, a lot of work have
been done in this topic®15. Pelletier, et al® visualised the vortex
breakdown positions for two 65° delta wings with the leading edge
bevelled in different angles, their experimental results indicated that
the vortex breakdown position advanced for the wing with its
leading edge 20° symmetrical bevelled in comparison with the wing
leading edge 45° windward bevelled. Based on the leading-edge
suction analogy®, Ericsson and King(1® proposed a method to
estimate the aerodynamic forces of slender delta wing, which
considered the effects of delta wing leading-edge shapes. They
reported that the wing with blunt leading-edge stalls later than the
wing with sharp leading-edge, and the wing with blunt leading-edge
has higher lift before wing stalling.

For flow over non-slender delta wing, Miau et al(!3 conducted the
experimental study on 50° delta wing with relative thickness
t/lc = 4%. Their results showed that, in comparison with the delta
wing with leading-edge leeward and symmetrically bevelled, the
leading-edge with 25° windward bevelled generated the strongest
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(c) Definition of the leeward bevel angle.
(a) Lift coefficient.
Figure 1. The sketch of wing bevel angle.
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a 45° thick delta wing with rounded leading-edge, they reported that
the thick delta wing produces lower lift coefficient than the thin
wing at small angles-of-attack, and stall is slightly delayed. They C o04f
attributed it to the different sizes of the leading-edge vortex: the
vortex of thin wing spread wider than the thick one, which may lead
to stall phenomenon.

In this paper, the effects of leading-edge cross-section and the
thickness on the aerodynamics were investigated and analysed for 0.0 R
flow over non-slender 50° delta wing, and it is expected that the P T S S T
present research may farther our understanding of flow over low 0 10 20 30 40 50
sweep delta wing. o

—v— windward 60 o
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(b) Drag coefficient.

2.0 EXPERIMENTAL EQUIPMENT AND
FACILITIES

The experiments were carried out in an open circuit low speed wind

tunnel in Beijing University of Aeronautics and Astronautics, which 12F 7 T T T T T 7D'7blun; T T L—

has a 1:02 x 0-76m ellipse shaped test section with the length of - /\ —o— leeward 30

2-0m. The turbulence level of the in-coming flow is less than 0-3%, 10 —4— leeward 45 b
and the maximum velocity of this wind tunnel is 40ms-!. The tested 8 [ o :;i:’;::rgzo ]
models were 50° delta wings with blunt trailing edge, and different | A’AZ — A— windward 45
thickness and leading-edge bevel angles (Fig. 1). The thicknesses of 6 \(A —v— windward 60
the models were 7 = 3mm, 10mm, 15mm, and their root chord length g
had same value of ¢ = 15cm, which result in the relative thickness C/C. 4 . E!Sﬁ\k\ 1
t/c = 2%, 6:7% and 10%, respectively. Among them, the leading- I 1
edge of the 3mm delta wing was 30°, 45° and 60° windward and |
leeward bevelled; while 10mm and15mm delta wings were 15°, 30°, 0k
45° and 60° windward and leeward bevelled. Besides, we also have
three blunt wings with thickness of 3mm, 10mm and 15mm respec- 2k
tively in present investigation. S T T S S
A six-component Aero-lab sting balance together with data acqui- 0 10 20 30 40 50
sition and analysis system was used to measure the forces of the o
models. The model was pitched through a set angle-of-attack
ranging from O to 50° with a step of 2°. The root chord length of the
models were ¢ = 15cm, and the free stream velocity was 20ms-! in
present experiments, so the Reynolds number was 2-1 x 10° based
on the root chord length of delta wing. The blockage of the model is Figure 2. Effects of leading-edge bevels on
only 2-4%, thus, no correction is made for the blockage interference. delta wings with t/c = 2%.

(c) Lift to drag ratio.
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3.0 EXPERIMENTAL RESULTS AND
DISCUSSION

3.1 The effect of bevel angle on t/c = 2% wing

For delta wing with 7 = 3mm (#/c = 2%), Fig. 2(a) shows the
variation of C; with o for the wings bevelled with different angles.
In general, the leading-edge cross sections of the delta wings mainly
influence C; in the range from o to 34°. In comparison with the
blunt wing, when the wing is bevelled windward, C,,,,, is decreased,
and the corresponding o is advanced from 26° to 22~24°. For the
wings bevelled leeward, their C; curves are very close to the blunt
wing, this means that C;,,,, and o are nearly the same for the blunt
wing and the wings bevelled leeward.

Figure 2(b) presents the variation of C, with o, it can be seen
from this figure that, for all of the bevelled wings, Cj, are less than
the value of blunt wing. For a < 24°, Cp, are greater for the wings
windward bevelled than the wings leeward bevelled.

It can be clearly seen from C,/C), curves shown in Fig. 2(c) that
the leading-edge cross section significantly influences the wing
aerodynamics. In spite of the wings bevelled windward or leeward,
(C1/Cp)max are much greater than the blunt wing, and the wings
bevelled leeward have the greatest value of (C;/Cp)y... Which is
occurred at o = 8~10°. For the wing leeward 30° bevelled,
(C1/Cp)imax 1s about 11-4, which is increased by 200% compared with
the blunt wing.

3.2 The effect of bevel angle on t/c = 6-7% wing

For the delta wing with # = 10mm (#/c = 6:7%), it can be seen from
Fig. 3(a) that, when the leading-edges of the wing were windward
bevelled, B has little influence on oy and C,,,,,. Moreover, the wing
stalling occurs at o, = 28~30° when the wings are leeward bevelled,
which results in 8~10° delay of o, and C;,,,, increases with leeward
bevelled angle. For the wing leeward 60° bevelled, the increment of
Crimax 18 20:5% compared with the blunt wing data. For the wing
leeward bevelled 15°, 30° and 45°, this increment is 6-8%, 13-6%
and 13-6%, respectively.

With regard to C), Fig. 3(b) indicates that, at small o, the wing
with its leading-edge leeward 15° bevelled has minimum value, and
C), are lower for the wings with leading-edges leeward bevelled in
comparison with the blunt wing. Based on the above analysis for C,,
it can be deduced that C,/Cj, will be enhanced for the wings with
leading-edges leeward bevelled, and the maximum increment of
(C/Cp)imax 18 98% for the wing leeward 15° bevelled as shown in
Fig. 3(c).

3.3 The effect of bevel angle on t/c = 10% wing

In this case, the relative thickness of the wing is #/c = 10%. In
comparison with the two cases mentioned above, the leading-edge
cross section much significantly influences the aerodynamics of this
thick delta wing. Figure 4(a) shows that the wing with leading-edge
bevelled windward nearly does not influence the stall angle of the
wing, but the difference between the C; is evident. For the wing with
leading-edge leeward bevelled, their o are shifted from 20° to about
30°, and C,,,,, increases with B. This increment of Cj,, is 29-5%
for the wing with leading-edge 60° leeward bevelled.

Figure 4(b) shows the variation of Cj, with o, it is evident that C),
is smaller for the wing with leading-edge leeward bevelled than the
blunt wing, so large C;/Cj, is expected for the leeward bevelled
wings. Figure 4(c) shows that the leading-edge cross section
remarkably influences C,/C), and (C,/Cp)y.y 1s increased for the
wing both leeward and windward bevelled in comparison with the
blunt wing, a maximum increment of (C;/Cp)n.c 1S approximate
100% for the wing 15° leeward bevelled.
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(c) Lift to drag ratio.

Figure 3. Effects of leading-edge bevels on delta wings with #c = 6-7%.
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(a) Lift coefficient.

Figure 5 The variation of AC,4 with wing bevel angles .
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JF 4 From that mentioned above, it may be concluded first that,
e ¢ L i irrespective of the wing thickness, the wings have high C; when they
' are bevelled windward before stall. This is in accordance with Miau
Fr 7 et al’s(13) visualisation results, they pointed out that, the leading-edge
1t : vortex of delta wings with leading-edge windward bevelled not only
1B ] forms at relative small o but also has strong strength, which may
’ results in the vortex lift increment at relative small o, thus C; is
Uy ) ) ) . LT increased totally before stall.
i 10 T 0 40 I Second, the wing with lgading-efige bev.ellf.:d leeward can delay o
up to 10° for the two thicker wings, this is due to the delay of
o leading-edge vortex breakdown in this case(4). In order to further
. analyze the bevel angle effect, Figure 5 shows the influence of B on
(b) Drag coefficient. AC,,, where B > 90° means that the wing is bevelled windward. In
comparison with the blunt wing, AC;, of the bevelled wing is
antisymmetric about the blunt wing. It is evident that the negative
AC;, is produced when the wing leading-edge bevelled leeward, and
sk v - - - T - T T Tt 7 a positive AC;, is obtained for the wing bevelled windward.
O\O\o E Moreover, this influence becomes more significant with wing
4r / A0, b thickness, and B nearly does not influence C,, for the thin wing
I P éﬁii X\ 1 tested in present study. Thus, from the viewpoint of lift enhancement
3k -~ S i . -
I g&k VAN | bgfore stall, the ‘leadmg-edge of .the wings should be bevelled
an 2 S A&%\Q\ i windward, especially for the thick wings; whereas, from the
\’\t% _ Etg;%%% 7 i viewpoint of increasing C;,., and delaying o, the wing leading-
1F —O— blunt -5 L ‘%%9 i edge _should be !aevelled leeward.

CL/ CD —o—leeward 15 E Third, the wings have low C;, when they are bevelled leeward,
0 —A~ leeward 30 b and this Cp reduction is much prominent at small leeward bevel
N :é::::::jgg 1 angle, which results in the significant increment of C,/Cj,. This
o o windward 15 | increment is mainly due to the drag reduction in this case.
2k </ —A— windward 30 u

| g —v— windward 45 J
] S S i 4.0 CONCLUSIONS
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@® From the viewpoint of lift enhancement before stall, the leading
o edge of the wings should be bevelled windward, especially for
the thick wings. Whereas, from the viewpoints of increasing
(c) Lift to drag ratio. Crmax and delaying o, the wing leading edge should be bevelled

leeward.
@ The thicker wing will lead to larger C, which results in lower
maximum value of C;/Cp. Thus, the thin delta wing performs

Figure 4. Effects of leading-edge bevels on delta wing with t/c = 10%. excellent aerodynamic characteristics.
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