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I. Introduction

HE slender delta wing (A > 65 deg) has many advantages in
highly maneuverable fighter aircraft and supersonic civil
transport. The flow over slender delta wings has been extensively
studied and is now reasonably well understood [1-3]. Recently, the
nonslender delta wings or low-sweep delta wings (A > 55 deg) have
been used in a variety of unmanned air vehicles and micro air
vehicles (MAYV), and the flow over low-sweep delta wings has
attracted increasing attention [4—7]. Compared with the slender delta
wings, the flow structures and the aerodynamic characteristics of
low-sweep delta wings exhibit distinct differences, but less research
has been undertaken for these nonslender delta wing configurations.
It is well known that the flow over a slender delta wing at high
angles of attack is dominated by two large counter-rotating leading-
edge vortices that are formed by the roll-up of vortex sheets. The
development of the leading-edge vortex will generate large axial and
swirl velocity components and will result in low pressure in the
vortex core, which generates additional suction and lift force on the
delta wings. Compared with the slender delta wing, the vortices
generated over low-sweep planforms are formed much closer to the
wing surface [4]. The interaction between the leading-edge vortices
and the boundary layer is a typical characteristic of the flow around
the nonslender delta wing, particularly at low angles of attack. This
results in the structure of vortical flows being highly dependent on
the Reynolds number. The dye flow visualization experiment of
Gursul et al. [5] presented the vortices generated over the wing at an
incidence of o = 5 deg for three different Reynolds numbers. The
leading-edge vortex breakdown is visible for Re = 8700. As the
Reynolds number increases to 13,000, the breakdown of the vortex
progresses upstream, which is a curious result considering the
accepted insensitivity of vortices and vortex breakdown over slender
delta wings. When the Reynolds number is increased to
Re = 26,000, the vortex breakdown location moves to nearly 40%
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of the chord length. Another unique feature of the low-sweep wings
is the formation of a dual-vortex structure [5,6]. The dual-vortex
structure is two vortices formed at the same leading edge of the delta
wing, and they rotate in the same direction. Gordnier and Visbal [6]
indicated that the dual-vortex structure is formed due to secondary
separation splitting the primary vortex into two separate
concentrations of vorticity. This feature is more commonly observed
at lower incidences when the vortices are formed closest to the wing
surface, and it is highly sensitive to Reynolds number. A single layer
of vorticity concentration was observed at very low Reynolds
numbers and the dual-vortex structure was absent. With the increase
of Reynolds number, the significant interaction between the
boundary layer and primary vortex results in this dual-vortex
structure [3].

One of the aerodynamic problems on MAVs is the effect of low
aspect ratio, which is induced by the restriction of size of the MAV.
To achieve a large wing area with a limited wing span, the chord
length is almost the same as the span and the aspect ratio is usually
smaller than 2. According to the past investigations on low-aspect-
ratio wings at high Reynolds numbers, the tip vortices were observed
to affect a large portion of the upper wing surface. The low pressure
caused by the vortices increases both the lift and drag forces. In
general, the tip vortex effects are twofold:

1) The tip vortex causes downwash, which decreases the effective
angle of attack and increases the drag force.

2) The tip vortex forms a low-pressure region on the upper surface
of the wing, which provides additional lift force [8].

Lian and Shyy [9] studied the tip vortex effect on the aerodynamic
performance of the micro air vehicle. They found that the vortical
flow is usually associated with a low-pressure zone. The pressure
drop further strengthens the swirl by attracting more fluids toward the
vortex core; meanwhile, the pressure decreases correspondingly in
the vortex core. The low-pressure region created by the vortex
generates additional lift. Toward downstream, the pressure recovers
to its ambient value, the swirling weakens, the diameter of the vortex
core increases, and the vortex core losses its coherent structure. But
the tip vortex induces downwash movement that reduces the
effective angle of attack. When a wing has a relatively low aspect
ratio, such as that employed by the MAV, the induced drag by the tip
vortex is relatively large and therefore the aerodynamic performance
of the vehicle is deteriorated. Viieru et al. [10] investigated the effect
of the end plate on wing aerodynamic performances as a method to
assess the induced drag. The investigation is facilitated by solving the
Navier—Stokes equations around a rigid wing with a root chord
Reynolds number of 9 x 10*. They confirmed that the end plate
paralleling with the freestream velocity increases lift without a
significant decrease in induced drag. The end plate reduces the flow
going from the lower surface to the upper surface of the wing,
effectively reducing the downwash and increasing the effective angle
of attack. However, the effectiveness of the end plate diminishes as
the angle of attack increases, due to a stronger wing tip vortex.

More recently, Pelletier and Mueller [11] investigated the low
Reynolds number aerodynamics of a variety of cambered and
uncambered wings with low aspect ratios. Their study included
experiments with semispan models of semi aspect ratios varying
from 0.5 to 3.0 at Reynolds numbers less than 200,000. The results
show that the lift-curve slope reduces with decreasing aspect ratio.
Furthermore, as the aspect ratio is decreased, the linear region of the
lift-coefficient-vs-« curve becomes longer and the stall angle
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increases. Changing the aspect ratio of the models does not appear to
have a strong effect on the drag coefficient at Re = 8 x 10*. At
Re = 1.4 x 10°, increasing the aspect ratio has the unexpected effect
of increasing the drag coefficient for angles greater than 5 deg. But
the low-aspect-ratio wing model used in their experiments is attached
with two aluminum end plates, which will interact with the wing
model and affect the aerodynamic force of the wing.

In practical MAV designs, the delta wing planform is more like a
cropped nonslender delta wing with a low-sweep leading edge. But
little work has been done to examine aerodynamic characteristics of
this wing planform. The main objective of this work is to study the
effect of taper ratio on the aerodynamics of the cropped nonslender
delta wings with a 40 deg swept leading edge. The lift and drag were
measured in the wind tunnel and the topological flow structure on the
suction surface of the delta wing was presented by oil flow
visualization. The leading-edge-suction analogy can also predict the
lift and drag coefficients of the cropped delta wings with the taper
ratio from 0 to 0.79.

II. Experiment Setup

The experiment is conducted in the D1 open-circuit low-speed
wind tunnel of Beijing University of Aeronautics and Astronautics.
The test section of the tunnel is nominally 0.76 m high, 1.02 m wide,
with a quasi-elliptical cross section, and 1.5 m long. The turbulence
intensity of the freestream velocity is about 1%, and the mean
deflection of the incoming flow is less than 0.1 deg. There are 16
cropped nonslender delta wing models with a 40 deg swept leading
edge used in the present study, which have a root chord length
¢, = 200 mm. The taper ratio of the models A = ¢,/c, varies from 0
to 0.79, where ¢, is the tip chord length of the delta wing. The aspect
ratio based on the root chord has a range of R1 =b/c, = 0.5-2.38
and the corresponding aspect ratio based on the mean aerodynamic
chord R2 = b?/s changes from 0.56 to 4.77 (b and s are the span
length and area of the delta wing, respectively). The detail parameters
of the taper ratio and the aspect ratio are presented in Table 1. All the
models are made of an aluminum plate with a thickness of 3 mm and
are beveled 45 deg at the upside leading edge of the delta wings. The
sketch of the model and the geometry parameters can be seen in
Fig. 1.

The time-averaged lift and drag forces of the delta wing are
measured by a six-component internal strain gauge balance. The
forces and moments are normalized to give coefficients of lift and
drag C;, = L/0.5pU% s and C}, = D/0.50U% s, where L and D are
the lift and drag, respectively; s is the reference area; and p is the fluid
density. The deviation of the lift and drag coefficients is less than 3%.
On-body flow visualization is achieved by oil flow tests. A mixture of
oil (kerosene) and titanium dioxide powder was applied to the upper
surface of the delta wing. The tunnel is rapidly brought to test speed,
and shear lines form in the mixture as air flows over the model.
Photographs of the established flow patterns are then obtained from
multiple angles using a digital camera. The model in the wind tunnel
is supported at the middle part of the trailing edge. The angle-of-
attack ranges have two values because the lift curves of the delta wing
with different taper ratios have two totally different stall features.
With taper ratio A = 0-0.3, the angles of attack vary from —4 to
40 deg, but with taperratio A = 0.3-0.79, the angle-of-attack range is
—4 to 60 deg. The angle step for all cases is 2 deg. The freestream
velocities in force measurement and oil flow test have the same value
U,, =20 m/s, and the Reynolds number based on the root chord

Table 1 Taper ratios and the corresponding aspect ratios
of the delta wings

A=c/c, 0 0.02 0.04 006 0.08 0.1 0.2 0.3
MRl=b/c, 238 234 229 224 219 215 191 1.67
MR2=0p*/s 477 458 440 423 406 390 3.18 2.57
A=c/c, 0.4 045 05 058 0.625 0.685 0.725 0.79
MRl=b/c, 143 131 119 1 0.89 075 066 0.5
MR2=101*/s 204- 181 159 127 110 0.89 076 0.56
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Fig. 1 Sketch of the 40 deg delta wings and the geometry parameters.

length of the delta wing is Re = 3.42 x 10°. The results in this Note
are the original experimental data without any correction.

III. Lift and Drag Characteristics

The variation of C; against « with different taper ratios is shown in
Fig. 2. The lift coefficients at zero angle of attack in all cases are less
than 0 due to the single-side-beveled leading edge and the deviation
in model mounting, which means that the model cannot be fixed
symmetrically about the horizontal plane. Because the study just
investigates the effect of taper ratio on the aerodynamic performance
of the delta wing, the deviation of lift coefficients at zero angle of
attack is taken as a system error without correction. When the taper
ratio A is less than 0.3 (in Fig. 2a), all the lift curves nearly collapse to
the same one, which indicates that the taper ratio has no influence on
the lift coefficient of the delta wing in this regime. When the taper
ratio is larger than 0.3 (in Fig. 2b), the lift characteristics of the delta
wings have much difference. The lift-curve slope C, /o increases
with the increase of taper ratio in the region —4 deg < o < 10deg,
then it has the same value independent of A until the stall angle of
attack. The second obvious difference of the lift curves is the stall
behavior: with 0.3 < A < 0.5, the lift drops slowly after the stall
point. After that (A > 0.58), the lift curve begins to drop quickly and
has a sudden drop with A = 0.625, which is the so-called abrupt stall.
Then, when the taper ratio increases to 0.68, the lift curve presents a
slow stall behavior again. With regard to the two largest values of
taper ratio in the present study (A = 0.725 and 0.79), the lift curve has
a region of abrupt enhancement behind the stall point.

Corresponding to the lift characteristics, Fig. 3 presents the oil
flow visualization photos on the upper surface of the delta wings with
taper ratios A = 0, 0.3, and 0.5. It is obvious that the flow around the
delta wing with A = 0 has four typical stages with the angle-of-attack
variation for the noncropped delta wing.

The first stage is the leading-edge separation bubble at low angles
of attack (see the first image in Fig. 3a at oo = 5deg), but the
separation bubble is three-dimensional and has spiral flow, which is
different from the two-dimensional case in the flow around the
airfoil.

The second stage is the concentrated leading-edge vortex (o = 10,
15, and 20 deg in Fig. 3a), which can be seen from the reattached line
of the separated shear layer on the delta wing suction surface.
Although the leading-edge vortex is not clearly visible for the
nonslender delta wing (A = 40, 50, and 55 deg) by the schlieren
system in the wind tunnel [12], the dye inject visualization [5,13] and
the particle image velocimetry method [5] can present this
concentrated vortex of nonslender delta wings. This is because the
leading-edge vortex of the nonslender delta wing is much weaker
than that of the slender delta wing, and the pressure gradient and
density variation induced by the leading-edge vortex is small, which
results in the failure to visualize the leading-edge vortex by the
schlieren method.

The third stage is that spiral flow appears on the suction side of the
delta wing at o = 25 deg (in Fig. 3a), which is larger than the angle
corresponding to the vortex breakdown on the apex of the delta wing.
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This value matches well with the stall angle obtained by force
measurement of a 40 deg swept delta wing (o = 22 deg). The feature
for this spiral flow is the spiral point in the oil flow pattern on the
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Fig. 3 Oil flow visualization on the upper surface of the delta wings.

In the fourth stage (¢ = 30 deg in Fig. 3a) there is a big region of
adverse flow on the upper surface of the delta wing, and the lift of the
delta wing becomes much smaller. The difference between the oil
flow patterns of the noncropped and cropped delta wings is the spiral
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Fig. 4 Drag coefficient as a function of angle of attack with different taper ratios.
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Fig. 5 Experimental data and the fitting curves by leading-edge-suction analogy with A = 0.725.

point in the kink region of the leading edge before stall (shown in the
second image of Figs. 3b and 3c at @ = 10deg). At this angle of
attack, the leading-edge vortex begins to form, but not strong enough
to eliminate the disturbance of the tip vortex, and the interaction
between them makes the spiral-point appearance.

The oil flow visualization in the present study is just a simple way
to capture the time-averaged near-wall flow direction features, and so
it cannot present the complex and unsteady flow structures. The
aerodynamic characteristics of the cropped delta wing with large
taper ratio (such as the increase of the maximum lift with taper ratio,
the stall features, and the abrupt lift-enhancement region after stall
with A = 0.725 and 0.79) are associated with the interaction of the
leading-edge vortex of the delta wing and the tip vortex. The flow
structure is complex and unsteady, and so the oil flow visualization
cannot explain the mechanism of these phenomena. As a note, the
present study just indicated these unusual aerodynamic character-
istics of the cropped delta wing, and it needs further investigation
through particle image velocimetry, laser Doppler velocimetry, or
hot-wire measurements, which can obtain the detailed flowfield
information and the instant variation of the flow parameters.

Figure 4 presents the drag coefficient vs the angle of attack with
different taper ratios. Similar to the lift curves, the drag-characteristic
variation with the taper ratio has two different regimes. For the taper
ratio 0 < A < 0.3 (shown in Fig. 4a), the taper ratio has no effect on
the drag of cropped delta wings, but the drags of all cropped delta
wings are less than the base case (the 40 deg swept delta wing A = 0)
for the angles of attack less than 10 deg. It can be concluded that the
maximum lift-to-drag ratio can be enhanced for the cropped delta
wings, because the angle of attack corresponding to the maximum
lift-to-drag ratio belongs to the region o < 10 deg for the delta wings
investigated in the present study. Meanwhile, the drags of the
cropped delta wings are reduced in the range of o« = 20-30 deg after
stall. For the taperratio A = 0.3-0.79 (shown in Fig. 4b), the drags of
delta wings do not vary with the taper ratio at low angles of attack
(o < 10deg). In the region after stall angle (o« > 20 deg), the drag of
the delta wing increases with the taper ratio, because the lift-induced
drag increases corresponding to the lift enhancement in Fig. 2b. It is
obvious that the drag variation is dependent on the lift for the cropped

delta wing, such as with the abrupt drop of drag for A = 0.68 and the
sudden spikes of drag curves for A = 0.725 and 0.79.

IV. Leading-Edge-Suction Analogy

It is common in prediction methods based on the leading-edge-
suction analogy to decompose lift into two components. One is due to
attached or potential flow and the other comprises the nonlinear
vortex lift. In the leading-edge-suction analogy, the vortex lift is
assumed to be equal to the leading-edge suction that would have been
developed in the absence of leading-edge separation. Polhamus [14]
decomposed the lift coefficient as follows:

C, = K, sinacos’a + K, cos asin’a (1)

where K , is the potential lift factor and K, is the vortex lift factor. The
vortex lift factor is usually not affected by the aspect ratio and the
geometric parameters of the delta wing and falls within a 10% band
around 7 [15]. In the present study, all the fitting curves are plotted
with K, = 7. The line without a symbol in Fig. 2a is fitted by the
formula (1) with K, = 2.3. The theory fitting curve totally matches
the experimental data before the leading-edge vortex breakdowns,
which corresponds to the angle of attack before stall. The divergence
between them at negative angles of attack is caused by the single-
side-beveled leading edge and the deviation in model mounting
mentioned in Sec. III. For the cases with large taper ratio values
(A =0.3-0.79), the linear parts of the lift curves are varied with
different taper ratios and the lift is not in a linear relationship with
angle of attack at onset, but the theory curve fits well with the
experimental data by adjusting the potential lift factor K ,. Figure 5a
presents the experimental lift data for A = 0.725 and the theory
fitting curve. They totally collapse to the same one in the range
o = —4-30 deg before stall. These results indicate that the leading-
edge-suction analogy can be used to predict the cropped nonslender
delta wing investigated in this Note.

To determine the drag of the delta wing, Phillips and Snyder [16]
modified Prandtl’s classic lifting line theory and gave a theory
formula as follows:
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Fig. 7 Effect of taper ratio on the stall angle and maximum lift
coefficient of the delta wing.

Cp=Cpo+ K(CL)Z 2

where Cp, is the zero-lift drag, and K (C; )? is the lift-induced drag (K
is the lift-induced drag factor). For the delta wings in the present
study, the zero-lift drags have the same value Cpy = 0.03 as that
obtained by fitting. Figures 4a and 5b present the experimental drag
data and the theory fitting curves, and they also match well, as with
the preceding lift. In the curve fitting with theory formulas (1) and
(2), the vortex lift factor K, and the zero-lift drag Cp, have constant
values, then the effect of taper ratio on the lift and drag characteristics
is presented by the variation of the potential lift factor K, and the lift-
induced drag factor K. Figure 6 shows that these two factors vary
with the taper ratio. When the taper ratio is less than 0.5, the potential
lift factor and the induced-drag factor have constant values
(K, =2.3and K = 0.3), because the tip vortex formed over the delta
wing is not strong enough to affect the aerodynamic of the delta wing.
When A is larger than 0.5, K, decreases quickly with the taper ratio
increase, because the downwash effect on the incoming flow induced
by the tip vortex increases with the taper ratio. On the other hand, the
lift-induced drag factor K increases with taper ratio, which means
that the lift-induced drag increases with taper ratio. This conclusion
is consistent with that in Sec. III. With the taper ratio increase, the tip
vortex formed on the cropped delta wing will be enhanced, and so the
lift-induced drag will certainly increase.

V. Conclusions

The force measurement and oil flow visualization experiments are
carried out in a wind tunnel to investigate the aerodynamic
performance of the cropped nonslender delta wings with 40 deg
swept leading edge. The effect of taper ratio (A = 0-0.79) on the lift
and drag of the delta wing is studied.

When the taper ratio is in the range of A = 0-0.3, the drag of all
cropped delta wings at low angles of attack is less than that of the
noncropped wing, and so the lift-to-drag ratio of the cropped delta
wing in this region would be enhanced. With the taper ratio of
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A = 0.3-0.79, the stall angle of the delta wing will be delayed with
the taper ratio, and the maximum lift coefficient also increases.
Figure 7 summarizes the effect of taper ratio on the stall angle and
maximum lift coefficient of the delta wing, in which the maximum
lift coefficient has two values for A = 0.68—0.79. One corresponds to
the maximum lift coefficient during slow stall, and the other presents
the maximum lift coefficient in the lift-enhancement region after the
stall point. It is obvious that the stall angle and the maximum lift have
constant values for the taper ratio A < 0.3. Because as the taper ratio
is in the range of A = 0.3-0.68, the two parameters increase with the
taper ratio, and they reach the maximum values with A = 0.725 and
0.79. The stall angle of the delta wing with A = 0.725 and 0.79 is
delayed from 22 to 38 deg compared with that of the noncropped
delta wing, and the maximum lift coefficient is enhanced from 0.88 to
1.27, even reaching 1.55 in the lift-enhancement region after stall for
A =0.725 and 0.79.

The leading-edge vortex-suction analogy can also predict the lift
and drag coefficients of the cropped delta wings in the present study.
When the taper ratio is less than 0.5, the potential lift factor and the
induced-drag factor have constant values (K, = 2.3 and K = 0.3).
When A is larger than 0.5, K, decreases quickly with the taper ratio
increase, which indicates that the potential lift deceases with taper
ratio increase. But the lift-induced drag factor K increases with taper
ratio increase.
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