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This work is a computational study of the aerodynamics of a wing in a constant freestream at angles of attack
ranging from 0 to 45° and an extremely low Reynolds number of 500. Four wings were studied: rectangular with and
without camber and semi-ellipse with and without camber. Lift and drag coefficients were determined and their
trends were explained, including a lift coefficient peak at ~20° for all geometries investigated. Flow features were also
identified and explained. The dominant flow feature was the tip vortex, which moves streamlines rootward and forms
a spiral vortex at high angles of attack for rectangular wings. Semi-ellipse wings also have a spiral vortex at higher
angles of attack. Surface stream traces were also investigated and showed complex vortex-dominated flow patterns

that depended on planform shape and angle of attack.

1. Introduction

N INCREASING number of studies on low-Reynolds-number
Re., high-angle-of-attack « flow is presently underway to
support fixed-wing and flapping-wing micro air vehicle (MAV) and
nano air vehicle development. Our numerical work on airfoils [1] and
experimental work on flapping wings [2,3] has revealed many
interesting aspects of the low-Re,, high-o flow regime. Concepts
such as frequency tuning and leading-edge/trailing-edge switching
have been proposed as a means of increasing aerodynamic perform-
ance and later confirmed by our own results and those of other
workers. Trailing-edge vortex trapping is another mechanism that we
have proposed in order to augment the lift force on the wing.
The term low Reynolds number Re, is taken to mean less than
4 x 10° in the aerospace literature, which is substantially higher than
the Re. = 500 in this study. Re, is the Reynolds number based on
chord length. McMasters and Henderson [4] discussed three
Reynolds number modes: subcritical for Re. < 400, 000, critical for
400,000 < Re,. < 500,000, and supercritical for Re. > 500, 000.
The dominant flow feature in low-Reynolds-number wings is the
laminar separation bubble and is discussed by Lissaman [5] and
Carmichael [6]. This bubble forms due to the inability of a laminar
boundary layer to overcome an adverse pressure gradient, thus
forcing it to separate. Once separated, it forms a free shear layer and is
more susceptible to transition. After transitioning to turbulent flow, it
then reattaches to the surface of the wing as a turbulent boundary
layer. If the Reynolds number is less than approximately 50,000,
there is insufficient distance for this reattachment. This bubble
increases the drag and reduces the performance of the airfoil.
Increasing the Reynolds number shrinks the bubble and increases the
lift/drag ratio, as in Selig [7].
Little information is available in the literature in the Reynolds

number range from 0—1000, but many studies of airfoils in the range
from 10,000 to 1 x 10° are available. Laitone [8,9] experimentally
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investigated cambered-plate wings at Reynolds numbers as low as
20,000. Cambered-plate wings with sharp leading edges were found
to give higher lift/drag ratios than with a NACA 0012 section wing.
Kunz and Kroo [10] conducted numerical simulations of the two-
dimensional Navier—Stokes equations at Re,. below 10,000 to study
the effects of camber, thickness, and leading-edge and trailing-edge
shapes. In this Re, range, the maximum lift coefficient was found to
increase with decreasing Re.. However, the lift/drag ratio decreased
with decreasing Re.. They noted the large drag and low lift/drag
ratios that are orders of magnitude different from high-Reynolds-
number results.

Selig [7] provided an overview of the aerodynamics and design
considerations appropriate for this Reynolds number regime, which
are a convex pressure recovery, lack of large adverse pressure
gradients near the trailing edge, and a transition point that moves
forward as angle of attack increases. Force hysteresis at low
Reynolds numbers was investigated by Mueller [11] at Reynolds
numbers below 300,000, and Selig et al. [12] discussed nonlinear lift
and lift hysteresis in wings at Reynolds numbers from 40,000 to
150,000. Both of these effects are attributable to the movement and
growth of the laminar separation bubble. As angle of attack increases,
the upper-surface bubble grows, thereby increasing displacement
thickness and introducing negative camber, and the separation point
moves toward the leading edge. At sufficiently high angles of attack,
reattachment is impossible and the bubble bursts; this is stall. The
process is not symmetric as angle of attack decreases, resulting in
hysteresis. Tripping the boundary layer would mitigate some of
these effects and would result in a bubble that shrinks and moves
upstream as « increases. Biber et al. [13] designed such an airfoil at
Re, = 50, 000.

Hsiao et al. [14] conducted flow visualization of tip vortices on
low-aspect-ratio, rectangular planform, symmetric wings at Re.=
100, 000. Lift generated by the suction region caused by these
vortices dominated the lift production at high angle of attack: greater
than 10°. Tip vortices prove to be beneficial by promoting flow
attachment along the upper surface, thereby delaying stall. However,
this effectis only present in low-aspect-ratio wings. The effect of a tip
vortex is only felt in the immediate vicinity for aspect ratios of eight
and larger, according to experiments by Abtahi and Marchman [15]
on a cambered rectangular wing with Eppler FX-63-137-ESM cross
section at Reynolds numbers from 70,000 to 300,000. However,
Viieru et al. [16] found that the tip vortex also poses a hindrance to a
specially designed low-Reynolds-number wing for a MAYV, in that its
downwash reduces the effective angle of attack and causes induced
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drag. Kwon and Park [17] investigated flow features behind an
elliptic airfoil and their affect on forces. As « increases, the
separation point on the suction surface remains stationary, whereas
that on the pressure surface moves aft. Asymmetric flow separation at
the trailing edge causes a high lift-curve slope at low angle of attack at
Re,. =300, 000. In a study by Ricci and Montelpare [18] performed
on a cambered airfoil at Re. = 200, 000, the separation point was
found to be stationary only in a range of « around 2°. Generally, as o
increases, the separation point, transition point, and turbulent
reattachment point all move toward the leading edge, and the bubble
shrinks. A 10%-thick cambered airfoil at Re,. = 50,000 was
successfully designed by Biber et al. [13] with the gentle stall caused
by the shrinking bubble that moves toward the leading edge as «
increases.

The effects of camber and planform on flow features and force
generation in a low-Reynolds-number flow have been studied by
Pelletier and Mueller [19] and by Kaplan et al. [20]. For thin wings,
camber was found to be beneficial in the range of Reynolds number
from 60,000 to 200,000 [19]. This was attributed to increased
tendency toward flow attachment. Planform shape and Reynolds
number were found to not affect the lift-curve slope, despite differing
wake structures at Reynolds numbers of 8000 and 24,000 [20]. A
semi-ellipse wing has a less coherent trailing vortex structure than a
rectangular wing [20]. Similarly, at a similar Reynolds number
(200,000) and aspect ratio (0.5 to 2), Cosyn and Vierendeels [21]
found cambered plates and flat plates to have similar lift charac-
teristics. Drag was also similar until flow over the flat-plate separates.

II. Simulation Details

The present work is a continuation of this ongoing effort in our
laboratory to understand the many aspects of low-Re., high-o
unsteady flow and to use that information for designing and devel-
oping micro air vehicles. It has become clear that a systematic study
of this problem is essential to make significant progress toward
gaining insight into this flow regime. This paper investigates the
aerodynamics of a fixed wing, and flapping and plunging wings are
investigated elsewhere, in Swanson and Isaac [22]. A problem of
this complex nature is best tackled by using all the available tools,
which include experiments, computational fluid dynamics (CFD)
simulations and analytical approaches. None of these by themselves
have the ability to provide all the answers.

Guided by insect wing geometries, in this paper we examined the
effects of angle of attack and camber and planform shape on the
aerodynamic aspects of thin wings of uniform thickness. Many
experimental and CFD studies on conventional airfoils and elliptic
cross-sectional airfoils can be found in the literature. However, based
on observations of insect wings, a thin platelike airfoil with sharp
leading and trailing edges is likely to yield better aerodynamic
performance for low-Re,., high-« flight.

A. Wing Geometry and Solver Overview

Four wings were investigated here. Two have a rectangular plan-
form, one without camber and one with camber. The other two have a
semi-elliptical planform, one without camber and one with camber.
All four wings have the same span, chord, and thickness, and the two
cambered wings have circular arc sections and the same amount of
camber. The geometric parameters for the wings are 15 cm span, 5 cm
chord, 0.05 cm thickness, and 0.125 cm maximum camber. This is
shown in Fig. 1, which also shows the wing orientation convention
used herein, except where otherwise noted. The wing tip is to the left,
the root is to the right, and the leading edge is above the trailing edge.
The aspectratio is 3.0 for the rectangular wings and 3.82 for the semi-
ellipse wings. The wings are not swept, and they have sharp leading
and trailing edges. These wings were placed in a hemispherical
computational domain consisting of a small hemisphere with 20 cm
radius and higher grid density inside a larger hemisphere with 80 cm
radius and lower grid density. The base plane of the computational
domain is specified as a symmetry plane.

Grids were generated for all four wings to be as similar as possible.
From a triangular surface mesh, the volumes were meshed using
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Fig. 1 Wing planforms (left) and profiles (right,) showing 0.125 cm
camber and 0.05 cm thickness.

tetrahedrons. Approximately 850,000 to 920,000 cells resulted for all
four wings. The grids were of high quality and results were grid-
independent. A grid with 50% more cells altered the resultant force
by less than 1%. Also, single-precision and first-order algorithm
were found to be satisfactory. The computational domain appears in
Figs. 2 and 3, showing the inflow and outflow surfaces and symmetry
plane. The cambered semi-ellipse-wing mesh appears in Fig. 4, and
the cambered rectangular-wing mesh appears in Fig. 5. Chord is in
the x direction, span is in the y direction, and camber is in the z
direction. The x—z plane is a symmetry plane. Freestream flow is in
the x direction. One-half of the hemispherical surface is set to be
inflow and the other half is outflow.

The results presented in this paper were obtained from simulations
using the flow solver FLUENT [23]. The main features of the flow
solver have been described in [1]. We have established that the
present low-Reynolds-number flow is laminar and can be resolved
with the mesh size and distribution chosen for this study. Transition
does not occur until Re, = O(10*). Young et al. [24] conducted a
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Fig. 2 Cross section of computational domain, showing the wing and
circular base surfaces.

Fig. 3 Hemispherical computational domain, showing the wing and
circular base surfaces. The circular arc divides the hemispherical surface
into inflow and outflow boundaries.
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Fig. 4 Semi-ellipse cambered wing and inner portion of meshed
symmetry boundary.

Fig. 5 Triangular mesh on rectangular cambered wing.

dynamic mesh study of a dragonfly wing at Reynolds numbers
ranging from 100 to 50,000 and found laminar flow simulations to be
sufficient, since the separation point is fixed to the sharp leading
edge. In a 2-D computational study that included NACA airfoils,
Kunz and Kroo [10] employed a steady laminar technique. However,
they noted that the steady assumption degrades convergence at the
lowest Reynolds number they covered (namely, 1000), where
trailing-edge separation occurs. The residuals and force coefficients
were carefully monitored during the runs to determine the number of
time steps to be used. The presented results are for flow times of
approximately 50 s, which was found to be sufficient for the solution
to reach either steady state at lower angles of attack or quasi-steady
state at higher angles of attack. Figure 6 illustrates the quasi-steady
nature of the force generation. Forces typically begin quite high and
then settle into a pattern similar to that shown below, where forces
fluctuate due to vortex shedding. All data in Figs. 7-20 were taken

0.5
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0.3
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0.1

0
0 10 20 30 40 50
Time, s

Fig. 6 Quasi-steady force development for rectangular wing with no
camber at Re, = 500 and « = 45°.

Cx

at a peak in this cycle, for consistency. The frequency of these
oscillations ranges from 0.34 Hz at o« = 35° to 0.26 Hz at o = 45°,
with a typical amplitude of 0.02.

Our computational technique has been validated by comparison
with two-dimensional cylinder flow and two data sets. From a
correlation provided in White [25], drag coefficient for a sphere at
Re. =500 is Cp = 1.16. Our computed value is Cp = 1.17, an
excellent agreement. The first data set is from the 3-D experimental
study of Sunada et al. [26], in which a flat rectangular wing of aspect
ratio of 7 was dragged through a water tank at Re. =4, 000.
Experimental errors are well addressed in that paper, and its authors
state errors in lift and drag coefficients of less than 8%. The other set
is from the 2-D computational work of Kunz and Kroo [10], in which
the drag polar for a NACA 0002 airfoil at Re. = 1000 was presented.
The results extracted from the above references are accurate to two
significant digits. Computed results were generated using the
procedure described above, and comparison is shown in Tables 1 and
2. Agreement is generally good, and agreement is better for drag than
for lift. Discrepancies are attributed to minor differences in grid
generation between our simulations and those of Kunz and Kroo
[10], and the use of the steady-flow assumption when comparing our
simulations with the experimental data of Sunada et al. [26]. Those
problems will not arise in the results presented in Sec. I1I, since a grid
study was conducted and the unsteady-flow solver was used.

III. Results and Discussion

Force data, flow features, and surface stream traces were
investigated in this study, and they will be discussed in that order in
this section.

A. Force Production

Figure 7 is a drag polar and shows lift and drag coefficients as
functions of « for all four wings. It may be clearer to determine trends
in those coefficients when plotted directly against angle of attack, as
in Figs. 8 and 9. To facilitate clearer discussion, the zero-lift angles of

Table 1 Comparison with Sunada et al. [26]

Cy Cp
a,’ Sunada et al. [26] Computed % difference Sunada et al. [26] Computed % difference
15 0.87 0.84 34 0.28 0.29 3.6
20 0.90 0.90 0 0.37 0.38 2.7
Table 2 Comparison with Kunz and Kroo [10]
CL Cp
a,° Kunz and Kroo [11] Computed % difference Kunz and Kroo [11] Computed % difference
0 0.00 0.00 0 0.10 0.10 0
2 0.18 0.17 5.6 0.10 0.10 0
4 0.34 0.30 12 0.11 0.11 0
8 0.55 0.53 3.6 0.13 0.13 0
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attack for the cambered wings have been calculated by linear
extrapolation, and their values are —1.76° for the rectangular plan-
form wing and —1.45° for the elliptic planform wing, respectively.
Linear extrapolation is justified since the lift curve can be seen to be
linear for small values of the angle of attack (Fig. 8). Moment
coefficient about the quarter-chord, C; .4, is plotted in Fig. 10. Lift
coefficient peaks at 20° for all wings except the noncambered
rectangular wing, which peaks at 40°. A lift peak at 20° has been
postulated in previous work [1-3] as the angle at which vortices shed,
thus explaining the lift peak at that angle. After the peak at o = 20°,
lift then decreases at « = 30°. However, the behavior then differs for
the different wings. For the two ellipses, C; continues to decrease,
but the rectangular wings show a lift increase from o = 30 to 40° and
then a decrease beyond o = 40°. It is notable that there is more
similarity in behavior between wings of the same planform than
between wings that are either both cambered or both flat plates. This
indicates that planform shape is more dominant than camber for the
wings considered in this study.

There are two possible explanations for the force peak visible in
the drag polar and subsequent behavior. First, vortex shedding occurs
at the angle of attack corresponding to the force peak and causes
additional lift. Athigher angles, the vortices have already shed and no
longer contribute to lift. The second possible explanation is similar to
that of Selig et al. [12] and involves the laminar separation bubble. A
large laminar separation bubble exists on airfoils at low Reynolds
numbers and high angles of attack. This causes the resultant force
vector, which is nearly perpendicular to the wing at low Reynolds
numbers, to tilt aft as « increases. The vertical component of that
vector will then decrease, as the horizontal component will increase.
As «o increases, the laminar separation bubble moves toward the
leading edge and grows larger. This would increase lift and also drag.
At a certain angle of attack, the bubble bursts, causing stall. As o
increases beyond this value, the lift coefficient would decrease.

Some other notable, yet predictable, features were observed from
the drag polar. The effect of camber is to provide both more lift and
more drag at the same angle of attack; the zero-lift point is shifted.
Thus, the C; peak for the cambered wing is greater than that for the
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Fig. 7 Drag polar for noncambered and cambered rectangular wings.
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Fig. 10 Moment coefficient about the quarter-chord; Re, = 500.

noncambered wing. Also as expected, cambered wings develop lift
even at o = 0°.

For comparing the present results, the lowest Reynolds number the
authors found in the literature is 1000, at which Kunz and Kroo [10]
investigated airfoils. Their study was two-dimensional and was
conducted at lower angles of attack than investigated here for our 3-D
wings, so additional 2-D cases were run at Re. = 500. Lift coeffi-
cient is smaller and drag coefficient is larger at Re. = 500 than at
Re, = 1000, as expected. For example, at « = 0°, Kunz and Kroo
[10] reported Cp, = 0.0998, and the value we computed for a 2-D
airfoil of the same chord and thickness as the wings in this study is
Cp = 0.162. Similarly, C; ata = 8°is0.553 at Re, = 1000 [10], but
C; =0.523 at Re, = 500. Table 3 shows force data for the non-
cambered rectangular wing at Re,. = 500 and 5000 for two angles of
attack: 0 and 45°. From the table, it is apparent that the lift and drag
coefficients are higher at lower Reynolds numbers.

The pressure distribution that determines moment is provided in
Fig. 11 for a flat plate with the same chord and thickness as the 3-D
rectangular planform wing with no camber. Figure 12 shows two-
dimensional (airfoil) cases for comparison with C,, vs « for the four
wings, as previously shown in Fig. 10, including a flat plate and a
NACA airfoil at Re. = 500 and a circular arc airfoil at Re, = 1000.
C,, values for the circular arc airfoil for Re, = 1000 can be directly
compared with the conventional NACA airfoils. The trend is very
similar to conventional airfoils: namely, nearly constant value for
smaller values of «, and then C,, decreasing for larger values of «.
The constant-C,, value is about —0.09 for the Re. = 1000 case,
compared with —0.04 for the NACA 2412 airfoil. The larger
magnitudes of the moment coefficient for the present Re. = 1000
case may be attributed to the differences in camber, thickness, and
Reynolds number. The four curves previously discussed in Fig. 10
are for finite-aspect-ratio wings. The main difference that these have
from the airfoils in Fig. 12 is that the C,, curves for the wings in
Fig. 10 show a significant negative slope starting at o« = 0. This is
most probably attributable to planform effects, since significant
differences are also seen between the rectangular and elliptical
planforms. The decrease in moment coefficient at large-o values can
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Fig. 11 Pressure distribution for a flat-plate airfoil at Re, = 500 and
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Fig. 12 Moment coefficient about quarter-chord, two-dimensional,
Re, = 500 except where noted.

be attributed to stall, since moment coefficient usually decreases after
stall; low-Reynolds-number effects might also augment this
behavior.

B. Flow Features

The following figures show streamlines for flow over the four
wings studied here. Some trends are present for all wings, and there
are some features apparent in only one of the wings; these flow
features are discussed below. Figures 13—15 show a top view of the
flow over the wings at seven angles of attack: 0, 10, 20, 30, 35, 40, and
45° (labeled a—g, respectively). Figures 13 and 14 are for the
rectangular wings, without and with camber, respectively, and
Figs. 14 and 15 are their semi-ellipse counterparts. Figure 17 shows
all four wings at o =40°. Corresponding streamline patterns in
Figs. 13 and 14 for the rectangular wings and in Figs. 15 and 16 for
the semi-ellipse wings can be used to discuss the effect of camber on
the flowfield. They bear substantial similarities, indicating that the
qualitative effect of this amount of camber on the flow features is
small. At = 0° without camber (Figs. 13a and 15a) the streamlines
do not show any perceptible change in the view shown and are only
slightly disturbed with camber (Figs. 14a and 16a). Streamlines
proceed straight aft of the wing without any spanwise curvature. At
a = 10° (Figs. 13b and 16b), only a minor tip vortex is present, but it
starts to become prominent at o = 20° (Figs. 13c and 16c). As «
increases beyond this, the tip vortex becomes steadily more
prominent. This is revealed as a curvature in the streamline sheet aft
of the wing tip. Figures 13c and 13d without camber and Figs. 14c
and 14d with camber show streamline curvature at the root of the
wing near the symmetry plane. With camber, a spiral vortex
originates from the root. Angles of attack of 30° and higher reveal
substantial vortices that dominate large portions of the flow. Above
35°, a spiral vortex is formed on every wing but the cambered
rectangular wing. A spiral vortex did not form on this wing until 40°.
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Fig. 13 Streamlines for noncambered rectangular wing viewed from
top along a direction between the x and z axes. Axis is for orientation
purposes. Flow is from top to bottom, tip is left and root is right.
Beginning at the top left, « = 10, 10, 20, 30, 35, 40, and 45°. Vortex
formation begins at tip and grows as « increases.

Thus, camber appears to enhance flow attachment and delay
development of that vortex.

In the spiral vortex, flow is directed against the freestream for a
portion of the spiral; this is reversed flow. The spiral vortex forms
from the tip in both of the rectangular wings at the applicable angles
of attack and in the noncambered semi-ellipse wing at 45°. However,
it forms from the root in the noncambered semi-ellipse wing at
a = 35 and 40° and in the cambered semi-ellipse wing at @ = 35, 40,
and 45°. This could indicate transverse flow from root to tip.
Figure 17 shows the different vortex locations for all four wings at
o = 40°. It is noteworthy that the cambered semi-ellipse wing does
not have a spiral vortex at @ = 45°. An explanation for this is not
immediately apparent.

Flow features we referred to as dead-fluid regions [27], regions
with few or no streamlines, also appear at and above 35°. The dead-
fluid region at 45° extends for a substantial portion of the wing span.
Computational particles released from the points used to create
these images do not go through those regions, but streamlines
originating from other areas do traverse these regions, as in Fig. 18.
These low-speed regions with highly-three-dimensional flow
features are caused by the tip vortex lifting streamlines up above the
wing and transporting them rootward. This is also responsible for
compressing many of the streamlines against the symmetry plane.
This indicates that for the present fixed-wing cases, substantial
spanwise flow is present toward the symmetry plane at higher
angles of attack. Also present in Fig. 18 is a flow feature just aft of

Table 3 Coefficient comparison for rectangular wing with no camber at Re, = 500 and Re, = 5000.

Re. a=0° o =45°
500 C,; =0.000 Cp =0.196 Cy = —0.001 C, =0.845 Cp =0.649 Cy =—0.101
5000 C; =0.0016 Cp =0.0627 Cy = —0.001 C; =0.544 Cp=0.574 Cy =—0.115
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Fig. 14 Streamlines for cambered rectangular wing. The viewing
direction is the same as in Fig. 13. Axis is for orientation purposes. Flow is
from top to bottom, tip is left and root is right. Beginning at the top left,
o =0, 10, 20, 30, 35, 40, and 45°. Vortex formation does not occur until
o =40°.

the leading edge near the root. Reverse flow is present on all wings
and it forms a spiral vortex originating from the root, but only in the
semi-ellipse wings. However, the behavior of the spiraling vortex is
quite different from the above when the wing is undergoing com-
plex motions such as flapping and pitching, as discussed by Isaac
et al. [28]. This spanwise flow is significantly more predominant
than on high-Re. wings, on which well-defined tip vortices are
formed. At low-Re,., the freestream is not strong enough to cause
the well-defined tip vortices; instead, the flow on the wing leeward
surface becomes highly-three-dimensional, as indicated by the
complex streamline pattern.

Kunz and Kroo [10] provided some numeric streamlines that show
trailing-edge separation, which occurs at higher angles of attack at
lower Reynolds numbers. Their Fig. 10 indicates a backward S-
shaped feature, where flow near the trailing edge is initially in the
freestream direction, reverses, and then returns to the freestream
direction. This is quite like some of the stream traces along the sym-
metry plane in Fig. 18. Figure 19 shows streamlines for the
noncambered rectangular wing at o = 45° for both Re. = 500 and
5000. The vortex is present but much smaller at the higher Reynolds
number, as anticipated. The same trend is also true for the reversed
flow region.

C. Surface Stream Traces

Surface stream traces were prepared for both the suction and
pressure surfaces of all four wings at all seven angles of attack.
However, the pressure-surface stream traces are omitted because they
are quite similar for all four wings and reveal only one trend: that
trend is the tip vortex becoming increasingly powerful as angle of
attack increases, as evidenced by stream traces curving toward the
tip. Surface stream traces typically show much more complicated

T
i

i

Fig. 15 Streamlines for noncambered semi-ellipse wing. The viewing
direction is the same as in Fig. 13. Axis is for orientation purposes. Flow is
from top to bottom, tip is left and root is right. Beginning at the top left,
o =0,10,20,30,35,40, and 45°. Vortex forms at root at « = 35 and 40°,
but vortex forms at tip at & = 45°.

patterns than near-wake streamlines such as those present in
Figs. 13—19. Comparisons between the two types of figures are made
below, and corresponding features are explained. Flow features
visible in one set of figures are reflected in the other set.

Figures 20-23 show suction-surface stream traces for the non-
cambered rectangular wing, cambered rectangular wing, noncam-
bered semi-ellipse wing, and cambered semi-ellipse wing,
respectively. Figure 24 shows surface stream traces for all four
wings atoe = 40°. In Figs. 20-23, stream traces are parallel atoe = 0°,
but start to curve near the tip at « = 10°; this stream-trace deflection
near the tip is more pronounced for the rectangular wings. This trend
is also shown in Figs. 13-16, in which the tip vortex grows from
a=0 to 10°. At and above o = 20°, the patterns become more
interesting. A small recirculation region is apparent at 20° near the
root at the trailing edge for the semi-ellipse wings (Figs. 22c and 23c¢).
This corresponds to the root vortex that develops on the semi-ellipse
wings at higher angles of attack, as in Figs. 15e¢ and 16e. The
rectangular wings also show a swirling pattern, possibly indicative of
vortices in the rootward half of the suction surface.

Separation at the leading edge is apparent on all wings at 30° with
reattachment at 35° in the rectangular wings, as in Figs. 20e and 21e.
However, in the semi-ellipse wings of Figs. 22d and 23d, there is no
reattachment until 45°. Also apparent in all of the figures at 30° is a
circular feature indicating a vortex near the tip, a likely unstable focus
in the terminology of critical point theory, which is discussed later in
this paper. Surface stream traces appear to converge at a point near the
trailing edge at spanwise locations ranging between one-fourth and
two-fifths span on all four wings at and above « = 35°. This is
particularly clear in Fig. 20f and can be seen by the stream traces to
the right of the point of convergence veering to the right and the
stream traces left of it veering to the left, indicative of a saddle point.
This suggests spanwise variation of flow features. A second attractor
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Fig. 16 Streamlines for cambered semi-ellipse wing. The viewing
direction is the same as in Fig. 13. Axis is for orientation purposes. Flow is
from top to bottom, tip is left and root is right. Beginning at the top left,
o =0, 10, 20, 30, 35, 40, and 45°. Vortex does not form at a = 45°, but
does at « = 35 and 40°.

B

Fig. 17 Rectangular planform without camber and w1th camber (top)
and semi-ellipse planform without camber and with camber (bottom);
a = 40°.

point, a saddle point, also exists for the semi-ellipse wings. Surface
stream traces seem to originate from a point near the root at the
trailing edge and spread out over a substantial portion of the surface
of the wing for the 30-40° cases and is best shown in Fig. 23e. This is
most likely attributable to the vortex that grows from the root on the
semi-ellipse wings. A clear separation between this rootward region
and the region closer to the tip where the streamlines are more nearly

Fig. 18 Noncambered and cambered rectangle in top row, non-
cambered and cambered semi-ellipse in bottom row, at @ = 45°, showing
the importance of wing planform on wake structure.

Fig. 19 Streamlines for Rec = 500 (left) and Re, = 5000 (right) with
more reversed flow at the lower Reynolds number.

parallel can be easily seen. Itis evident from Fig. 23 that the planform
has more effect on surface stream-trace topology than does camber.

A comparison of the three-dimensional streamline patterns in
Figs. 13—16 to the surface stream traces in Figs. 2023 is also helpful
to gain further understanding of the flowfield. Comparing Figs. 13c
and 20c for the noncambered rectangular wing at o« = 20° shows the

Lokl EnD mn-q il R PO S+ S

j m-.

Fig. 20 Suction-surface stream traces for noncambered rectangular
wing. Flow is from top to bottom, tip is left and root is right. Beginning at
the top left, « = 0, 20, 30, 35, 40, and 45°. Shades indicate shear stress.
Note complicated pattern in part C.



620 SWANSON AND ISAAC

e T

Fig. 21 Suction-surface stream traces for cambered rectangular wing.
Flow is from top to bottom, tip is left and root is right. Beginning at the
top left, « = 0, 10, 20, 30, 35, 40, and 45°. Shades indicate shear stress.
Image c is less complicated than in Figure 20, due to camber promoting
attachment.
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Fig. 22 Suction-surface stream traces for noncambered semi-ellipse
wing. Flow is from top to bottom, tip is left and root is right. Beginning at
the top left, « = 0, 10, 20, 30, 35,40, and 45°. Shades indicate shear stress.
At higher angles of attack, the focus near the tip is smaller than for the
rectangular planforms.

streamlines deflecting at the root and the tip (Fig. 13c) and the surface
stream traces show a very complex vortex structure. A similar
behavior is also apparent in Figs. 15¢ and 22¢ for noncambered semi-
ellipse wings at « = 20°. It appears that for the noncambered wings,
o = 20° can be thought of as a transition angle of attack between the
low-« attached flow regime and the high-« vortex-dominated flow
regime. For the cambered wing at o = 20°, the stream traces have
fewer features, indicating the effect of surface curvature on estab-
lishing the vortex-dominated flowfield. Comparing the wake vortex
structure in Figs. 13—16 and the surface vortex structure in Figs. 20—
23, gives indications of vortex pairing. The vortices do not shed as in
the two-dimensional cases with unsteady lift generation caused by
vortex shedding; instead, they stay bound to the surface and have a
complex structure depending on the angle of attack. The wake
vortices do not coalesce into a well-defined tip vortex as is the case
for high-Re,. wings. Instead, a wake vortex with a highly complex
structure is visible. Its axis is curved, and it seems to break down fast,
showing a strong dependence on the angle of attack.

A topological analysis of the surface streamline pattern using
critical point theory is helpful to extract flow features [29-31]. To
illustrate, the surface stream traces in Fig. 20e (noncambered,
rectangular wing at o = 35°) are traced in Fig. 25. Axis and wing
orientation are the same in these figures. Two bifurcation lines, where
the flow separates and reattaches, are present near the leading edge
and the trailing edge. These are labeled BL™ and BL™, respectively.
Flow proceeds from the reattachment line to the separation line over
much of the suction surface. A saddle point S is present on the
bifurcation line BL*. As mentioned earlier, an unstable focus,
labeled F~, from which streamlines spiral outward, can be seen near
the wing tip. By examining the other surface stream traces shown in
Figs. 20-23, the associated critical points can be extracted and
sketched as in Fig. 25. Some of these stream traces are fairly
complex, as in Figs. 20c and 22¢ for the noncambered wings at
o = 20°. In the neighborhood of « = 20°, the flow seems to be
transitioning to one in which the leading-edge vortex begins to form.
However, for the two planforms with camber at the same angle of

i (AR Mh | !'l
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Fig. 23  Suction-surface stream traces for cambered semi-ellipse wing.
Flow is from top to bottom, tip is left and root is right. Beginning at the
top left, « = 0, 10, 20, 30, 35, 40, and 45°. Shades indicate shear stress. A
recirculation region is present at the root of the trailing edge in image c.

Fig. 24 Top row: rectangular wing without camber and with camber;
bottom row: semi-ellipse wing without camber and with camber,
o = 40°. Changing the planform affects the flow features more than
changing camber.

BL-

S
F+ ) BL+

Fig. 25 Topological features of the surface flow extracted from the
stream traces in Fig. 20e.

attack, the surface stream traces are not as complex, probably
indicating that camber causes a smoother transition to vortex-
dominated flow.

Based on the results, the following general observations can be
made: At o = 20°, there is no strong vortex on the leeward surface.
The surface streamline pattern shows some waviness, probably due
to the growing spanwise instability, which indicates a transition to
vortex-dominated flow. This transition is also manifested in the drag
polar (Fig. 7) and lift coefficient curve (Fig. 8), which shows a C;
maximum at o &~ 20°. At o = 35° the flow pattern on the leeward
side has become more complex. A wake vortex is present on the
leeward surface, and the streamlines in this vortex are tightly packed.
The vortex seems to break down somewhere between the tip and the
root, the breakdown occurring closer to the tip at higher angles of
attack. There is a slight spiraling of the vortex visible in the surface
stream traces toward the wing tip, and the streamlines originating
from this vortex merge with the tip vortex evolving into the wake
vortex present in Figs. 13-16.

IV. Conclusions

The fixed-wing cases covered in the present study show that a tip
vortex that strengthens with angle of attack is present over low-
Reynolds-number (Re,. = 500) wings in the 0—45° angle-of-attack
range. This tip vortex is the dominant flow feature and explains many
aspects of the flow behavior. Lift peaks at an angle of attack slightly
greater than 20° for all the wings and is attributable to a vortex-
dominated flow at that angle of attack. Behavior above this angle of
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attack varies differently for the rectangular wings and for the semi-
ellipse wings, thus indicating the importance of planform shape. This
behavior, generally a C; decrease followed by a subsequent recov-
ery, could be caused by tip vortices or the laminar separation bubble.
Flow features include a tip vortex forcing streamlines rootward and
creating highly-three-dimensional, low-velocity regions indicated
by lower streamline density in the postprocessed results. This tip
vortex forces the adjacent streamlines to curl into a spiral vortex on
the rectangular wings at high angles of attack; the spiral vortex then
breaks down, leading to the highly-three-dimensional low-velocity
region. However, the semi-ellipse wings do not show such a clear tip
vortex. Instead, a less coherent vortex is present toward the root
(Figs. 15e, 151, 16e, and 16f). Among the semi-ellipse-wing cases,
only Fig. 15g has a clear tip vortex similar to those in the rectangular-
wing cases. Surface stream traces indicate separation, recirculation,
and reattachment at higher angles of attack. The flow patterns and
C -a curves show significant departure from flow over wings at high
Reynolds numbers, which have a well-defined tip vortex and stall
angle of attack.

Further investigation is warranted of this important low-Reynolds-
number flow regime for low-aspect-ratio wings with thin noncam-
bered and cambered airfoil sections, with its applications to micro
and nano air vehicles. A range of Reynolds numbers and aspect ratios
need to be investigated to better understand this flow regime and
wing geometries. A study of these wings undergoing a flapping or
plunging and pitching motions would be of relevance to flapping-
wing micro air vehicles. Ongoing research in our laboratory using
computational fluid dynamics and experimental tools (flow visu-
alization and particle image velocimetry) would help us gain further
insight into insect, bird, and micro and nano air vehicle flight.
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