
JOURNAL OF AIRCRAFT

Vol. 41, No. 5, September–October 2004

Numerical and Experimental Study of Flow Structure
of Low-Aspect-Ratio Wing
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Unsteady aerodynamic characteristics of a low-aspect-ratio elliptic wing with an E-174 aerofoil are studied by
numerically solving unsteady incompressible Navier–Stokes equations. Two phenomena have been found: The
first phenomenon is found at angle of attack larger than 11 deg, where the flow around the wing becomes bilateral
asymmetric. This phenomenon is caused by tip vortices’ destabilization. Tip vortices’ destabilization is due to
interaction between a secondary separated vortex and the tip vortices. The second phenomenon is found at angle
of attack larger than 33 deg, where a large separated vortex stays above the wing, forming a stationary vortex.
The stationary vortex is thought to be related to the vertical component of the tip vortices. Experimental flow
visualization has verified the phenomena found in the numerical simulation.

Nomenclature
AR = aspect ratio, based on maximum chord
c = chord length at the mid of the elliptical wing
Re = Reynolds number, Uc/ν
t = physical time
t̄ = nondimensional time, tU/c
U = final constant speed of wing

Introduction

I N recent years, research of micro-air-vehicles (MAVs) has at-
tracted extensive interest. Because of their small size and low

speed, MAVs’ chord Reynolds numbers (Re = 104–105) are lower
than commercial aircraft [Re =O(107)]. In the last few decades, the
research on low Reynolds number problems had concentrated on
two-dimensional airfoils. For instance, McMasters and Henderson1

found that when Reynolds number increases to about 105, the max-
imum lift-to-drag ratio of airfoils increased dramatically by two or-
ders of magnitude within a narrow Reynolds number range. Mueller2

also found that lift and drag hysteresis phenomenon occur when the
angle of attack or the Reynolds number is recycled. Related research
has been documented in Refs. 3 and 4.

Another difference between MAVs’ flowfield and a typical com-
mercial aircraft is their three-dimensional characteristics. MAVs
have much lower-aspect-ratio wings. Only recently, has research
begun on the three-dimensional flowfield of a low-aspect-ratio wing
at low Reynolds number. Pelletier and Mueller5 found in their ex-
periments that flow structures of thin and low-aspect-ratio (AR < 2)
wings are different from those of two-dimensional airfoils. As Gad-
el-Hak4 pointed out, the tip vortices play an important role in the
flowfield of a low-aspect-ratio wing.

In the present paper, the relations between the tip vortices and
flow characteristics of a low-aspect-ratio wing are studied by nu-
merical simulation. The Reynolds number is taken to be 1 × 104.
At this Reynolds number, the change of flow structures due to tran-
sition and turbulence is avoided, so that the effect of tip vortices is
highly weighted in the numerical simulation. The algorithm and the
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parameters of the numerical simulation are introduced, followed by
the results of the numerical simulation. Finally, experimental results
are shown to verify the numerical results.

Computational Method
The unsteady incompressible Navier–Stokes equations are solved

using an artificial compressibility algorithm developed by Rogers
et al.6 The algorithm introduces a pseudotime derivative of pressure
into the continuity equation. Time accuracy in the numerical solu-
tions is achieved by subiteration in pseudotime for each physical
time step. The algorithm uses a third-order flux difference splitting
technique for the convective terms and a second-order central differ-
ence for the viscous terms. The time derivatives in the momentum
equation are differenced using a second-order, three-point, back-
ward difference formula. The algorithm is implicit and has second-
order spatial and time accuracy.

A code based on the foregoing numerical method has been
developed.7 The accuracy of the code has been verified by analyti-
cal solution of the boundary-layer flow on flat plate, by comparison
of the calculation and measured pressure distributions on a wing,7

and further validated by comparison with the three-dimensional un-
steady flow experimental results in Refs. 8 and 9.

The mesh was a body-conforming grid generated by solving the
Poisson equations. The outer boundary was set at 10 chord lengths
from the wing, and the time step was 0.02. A 42 × 101 × 49 grid (in
the normal direction, around the wing section, and in the spanwise
direction, respectively) was used for the three-dimensional compu-
tation. The grid topology used was an O–H type (shown in Fig. 1).
The normal grid distance from the wall was 1 × 10−5. The parame-
ters have been numerical tested and proven good enough to obtain
the correct flow structure. A laminar flow model was used in the
numerical simulation that relied on the following: an experimental
investigation conducted by Traub et al.10 that showed that no marked
transition was observed below Re = 6 × 104 and laminar incom-
pressible flow solution results that were obtained by Ghia et al.11

and Mehta,12 where their numerical results are in good agreement
with the experimental results.

Results and Discussion
Using the described algorithm and grid, a numerical calcula-

tion was conducted to study the unsteady flow structure of the
wing moving forward with constant speed, Re = 1 × 104, and an-
gles of attack from 0 to 45 deg. Numerical calculation was started
when the wing accelerated from rest according to the cosine curve
u = 0.5U (1 − cos π t̄), 0 < t̄ < 1, from 0 to U , and it was stopped
when the influence of the startup process disappeared. In the nu-
merical simulation, two phenomena were found: At the angles of
attack larger than 11 deg, flow around the wing becomes bilateral
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Fig. 1 Grid topology of wing.

asymmetric and at higher incidences (more than about 33 deg), a pri-
mary separated vortex is captured over the wing. Flow visualization
was conducted and verified the numerical results.

Stationary Vortex Phenomenon
The numerical results show that at angles of attack from 0 to

45 deg separation has taken place at the upper surface. In the sep-
arated region, there are three vortices (primary separated vortex,
secondary separated vortex, and tail vortex, shown in Fig. 2 as A, B,
and C, respectively). When separation takes place at 0-deg angle of
attack, the effects of viscosity at low Reynolds number are promi-
nent. As generally known, the primary separated vortices constantly
shed. However, behavior of the secondary vortices is different: They
shed at around 0-deg angle of attack, whereas at angles of attack
larger than 5 deg, they do not shed. As the flow streamlines at mid-
section of the wing show in Fig. 2, the secondary vortices stay on
the upper surface of the wing, at times splitting into two small vor-
tices. The position of the secondary vortex moves upstream on the
upper surface of wing with increasing incidence. At 35-deg angle
of attack, the secondary vortex is very close to the leading edge of
the wing, as shown in Fig. 3.

The primary separated vortices are constantly shed from 0 to
30 deg. (Figure 3a shows the shedding process of the primary vor-
tices at 25-deg angle of attack.) However, at higher incidence, the
primary separated vortices stay above the wing instead of shed-
ding into the wake, although their shape and size change with time.
Figure 3b shows the flow structures at different time at 35-deg angle
of attack. It is clear that the primary vortex is captured above the
wing; the secondary vortex stays on the upper surface of the wing,
near the leading edge; and tail vortices cyclically produce, grow,
and shed into downstream at the trailing edge. From the streamlines
in the level plane at the middle of the wing (Fig. 4), it is found
that the stationary vortex consists of two counter-rotating vortices.
Numerical results indicate that this stationary vortex phenomenon
exists at angles of attack from 33 to 45 deg. As generally known the
separated vortices above the high-aspect-ratio wings are shed down-
stream. This stationary vortex phenomenon is a unique phenomenon
that accompanies the low-aspect-ratio wing. It is thought that the
stationary vortex phenomenon is related to tip vortices based on
the following: According to the formula V = (Ω× R)/(4π R3), the
induced velocity produced by the tip vortices is inversely, propor-
tional to the square of the distance R. For the fluid in the separated
region above the low-aspect-ratio wing, the distance R is much less
than that of typical wings. As a result, the tip vortices’ effects on
the flow structure of low-aspect-ratio wings are much greater than
on common wings.

a)

b)

Fig. 2 Flow streamlines at wing midsection at different times: a) 0-deg
angle of attack and b) 5-deg angle of attack.

The exact mechanism of this stationary vortex phenomenon re-
quires further study. The vertical components of the tip vortices
maybe one of the reasons for this phenomenon: At low incidence,
the vertical components of tip vortices cause the separated vortices
to move forward, but because the speed of the separated vortex is
slower than that of the wing, it is observed to be shedding down-
stream. As the incidence surpasses the critical angle of attack, the
vertical components of tip vortices cause the primary separated vor-
tex to move with the wing, and the separated vortex is observed to
stay on the wing.

The stationary vortex above the low-aspect-ratio wing is a new
phenomenon. This phenomenon maybe helpful in explaining the
existence of the high value of stall angle of attack of low-aspect-
ratio wings. Although this stationary vortex is not very strong, the
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a) b)

Fig. 3 Flow streamlines at wing midsection at different times: a) 25-deg angle of attack and b) 35-deg angle of attack.

stationary vortex has a potential value in increasing lift and post-
poning stall.

Bilateral Asymmetry Phenomenon
Figure 4 shows streamlines in the level plane at the middle of the

wing at different angles of attack. It can be seen that the flow around
the wing is bilateral symmetric at angles of attack up to 10 deg.
When incidence is larger than 11 deg, the separated regions above
the wing become bilateral asymmetric. Along with the change of the
separated region, the tip vortex is bilateral asymmetric and swings
from one side to the other side irregularly. Figure 5 shows the po-
sition of tip vortices in the vertical plane (trefftz plane) which is
0.5c behind the trailing edge at 25-deg angle of attack: At t̄ = 42.0
(Fig. 5a), the tip vortices swing to left; at t̄ = 54.0 (Fig. 5b), the tip
vortices swing to right; at t̄ = 62.0 (Fig. 5c), the tip vortices swing
back to left again. It is obvious that the tip vortices become instable.
Based on numerical results at different angles of attack, the destabi-

lization process of tip vortices may be described as follows (Fig. 6):
As the incidence increases, secondary separated vortices stay on the
upper surface of the wing at first and then move forward with their
spanwise length and strength increasing at the same time. When the
incidence surpasses the critical angle, the secondary vortex is close
to the tip vortices, and interaction between the secondary vortex
and tip vortices exceeds a critical value, after which the tip vortices
become instable. This process shows that it is the tip vortices’ desta-
bilization that causes the separated region above the wing to become
bilateral asymmetric. To prove the numerical calculation obtains a
real physical result, a grid was generated, that is slightly bilateral
asymmetric. It was then used to repeat the calculations. The results
prove that, when the incidence is less than the critical angle, the
tip vortices are stable; when the incidence is larger than the critical
incidence, the instability of the tip vortices does not change.

This instable phenomenon is important, because it shows a possi-
ble stability problem of MAVs. When tip vortices are destabilized,
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a) b)

Fig. 4 Flow streamlines on the level plane at middle of wing: a) at 5-(top) and 10-deg angles of attack and b) at 35-deg angle of attack of 35 deg,
t̄ = 76.0 (top) and t̄ = 84.0 (bottom).

the effect is twofold: The asymmetric flow causes unequal drag on
each side of the wing, which produces a yawing moment; the asym-
metric flow also causes the unequal lift to produce a rolling moment.
As a result, the aircraft will suffer spin if its stability is weak or suf-
fer wobbling if its stability is strong, that is, the high swept delta
wing. For most MAVs, because of their low-aspect-ratio and low-
swept-angle wings, they will be susceptible to spin.

Experiment Results
To verify the foregoing numerical results, flow visualization

has been undertaken in the water channel of Beihang University
(BUAA). The cross section of the channel is 0.4 × 0.4 m. In the
experiment, the wing and experiment conditions are same as those
used in the numerical simulation. Flow was visualized using hydro-
gen bubbles produced on the upper surface of the wing. Station-
ary vortex and bilateral asymmetry phenomena were observed in
the experiment. To avoid reflection light, photographs were taken

slightly in front of the wing; the angle between the span and cam-
era is about 20 deg, which should be considered in comparing the
experimental and numerical results. The exposure time was set
as 1/10 or 1/20 s; thus, the hydrogen-bubble trajectory could be
shown. Because the exposure time is relatively short, the hydrogen-
bubble trajectory shows short pathlines in the flow, roughly the
flow velocity vector at instant. In this way, the flow visualization
photographs can be compared with the flow-streamlines results of
the numerical simulation. To describe the vortices more clearly in
Figs. 7 and 8, the position and rotation direction of vortices are in-
dicated by arrows based on observation in the experiment. Figure 7
shows the flow structure at 35-deg angle of attack. It can be seen
that the positions of primary vortex and secondary vortex coin-
cide with the numerical results. The tail vortices is produced and
cyclically shed at the trailing edge. Figure 8 shows the separated
region over the wing. It can be seen that at 10-deg angle of attack,
flow is bilateral symmetric. At 35-deg angle of attack, flow is bi-
lateral asymmetric, and the size of two vortices change with time.
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a)

b)

c)

Fig. 5 Tip vortice streamlines in vertical planes (trefftz plane) at about
0.5c behind trailing edge at 25-deg angle of attack: a) t̄ = 42.0, b) t̄ = 54.0,
and c) t̄ = 62.0.

Fig. 6 Schematic of destabilization process of tip vortices; secondary
vortices are on upper surface of the wing.

Fig. 7 Flow visualization by hydrogen bubble at 35-deg angle of attack
(view from left of the wing).

a)

b)

c)

Fig. 8 Flow visualization by hydrogen bubble (view over the wing):
a) 10-deg angle of attack and b) 35-deg angle of attack.

Details of the experiment and its results will be discussed in a later
paper.

Conclusions
In a numerical study of a low-aspect-ratio elliptic wing with an

E-174 aerofoil, the following has been shown: At an angle of attack
larger than 11 deg, flow around the wing becomes bilateral asymmet-
ric. This phenomenon is caused by the tip vortices’ destabilization.
The tip vortices’ destabilization is a result of interaction between
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the secondary separated vortex and the tip vortices. Separation takes
place in the entire range of angles of attack studied in this paper. At
angle of attack less than 33 deg, separated vortices above the wing
are shed downstream; at high incidence (more than 33 deg), a large
separated vortex stays above the wing and forms a stationary vortex.
The stationary vortex is thought to be related to the vertical com-
ponent of tip vortices. Experimental flow visualization has verified
the phenomena found in the numerical simulation.
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