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Planform Effects for Low-Reynolds-Number Thin
Wings with Positive and Reflex Cambers
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To understand the planform effects on low-Reynolds-number aerodynamic characteristics for micro air vehicles,

various cambered thin plate wings were studied by numerical simulations based on Reynolds-averaged

Navier–Stokes solutions with transition modeling. Six wing planforms, with the same wing aspect ratio and area, a

positive camber at the quarter chord location, and a reflex camber near the trailing edge for longitudinal stability

were selected for the study. They include a rectangular wing, four taped wings with the same taper ratio but different

leading-edge sweeps, a Zimmerman wing, and an inverse-Zimmerman wing. For validation with available wind-

tunnel experimental data, an investigation of a circular wing planform with a similarly cambered profile is also

presented. The results show that the Zimmerman wing planform gives the best lift-to-drag ratio at the design

condition, whereas the tapered wing with higher leading-edge sweep produces highermaximum lift. Flow separation

and vortical flow structures on the upper wing surface are presented to gain insight into the different aerodynamic

characteristics for the different planforms.

Nomenclature

AR = aspect ratio
b = wing span, m
�c = mean chord, m
CD = three-dimensional drag coefficient
CL = three-dimensional lift coefficient
CL;max = maximum lift coefficient
CL∕CD;max = maximum lift-to-drag ratio
CM = pitching moment coefficient
Cr = wing root chord, m
Ct = wingtip chord, m
D = drag force, N
d1 = maximum positive camber location, m
d2 = maximum reflex camber location, m
h1 = maximum positive camber height, m
h2 = maximum reflex camber height, m
inZ = inverse-Zimmerman wing
L = lift force, N
Re = Reynolds number based on chord
S = wing area, m2

t = wing thickness, m
t∕c = thickness ratio
Ti = turbulence intensity level
Tr = taper ratio, Ct∕Cr

U∞ = freestream velocity, m∕s
x∕c = nondimensional chordwise location
Xcg = distance between wing leading edge and center of

gravity, m
Xac = distance between wing leading edge and

aerodynamic center, m
Zim = Zimmerman wing
z∕b = nondimensional spanwise location
α = incidence/angle of attack, deg

γ = intermittency
Λ = leading-edge sweep angle, deg

I. Introduction

K EY geometric parameters in micro air vehicle design (MAV)
include the airfoil section (thickness, camber, etc.) and wing

planform (aspect ratio, shape, etc.), as mentioned by Pines and
Bohorquez [1]. Alongwith the effects of these geometric parameters,
operating at a low-Reynolds-number range with strong viscous
effects, flow separation and reattachment, vortices, and boundary-
layer transitions can all significantly affect the wing aerodynam-
ics [2,3].
Because of the low-Reynolds-number effects and practical issues,

thin airfoil profiles are preferred for MAV designs. Pelletier and
Mueller [4] studied different thin/cambered airfoils for a rectangular
wing planform with Re ranging from 60,000 to 200,000. The wind-
tunnel results showed that a 4% cambered wing (without reflex
camber) offers better aerodynamic characteristics than a flat-plate
wing for given Reynolds number and aspect ratio. The flow on the
camberedwing remained attached for a higher incidence than that for
the flat-plate wing. These thin plate wings did not experience abrupt
stall, and the lift force often reached a plateau and then remained
relatively constant. However, there were no particular reasons
provided to explain this phenomenon. Swanson and Isaac [5] studied
planform and camber effects on low-Reynolds-number aerody-
namics computationally. An extremely low Reynolds number of 500
was investigated, and they showed that the tip vortex is the dominant
flow, and it forms the highly three-dimensional (3-D) low-velocity
region at high incidences. Tezuka et al. [6] also investigated the
surface flow structure on a 4% cambered plate at a Reynolds number
of 93,000. The laminar separation bubble was clearly shown by the
oil flow technique on the upper wing surface, and the pressure
distributionwith a plateau following the suction peak near the leading
edge also appeared.
The reflex camber is another issue for a MAV to perform in a

longitudinal stable flight as a flyingwing. The combined positive and
reflex camber effects on MAV aerodynamic characteristics were
studied byReid andKozak [7] andNull and Shkarayev [8] separately.
Reid and Kozak focused on a rectangular wing (AR � 2) planform
with a positive camber varied from 1 to 9%c located at 25%c and a
fixed reflex camber of 1%c located at 85%c. The surface oil flow
visualization was taken in the investigation. The laminar separation
bubblewas found to be a key phenomenon, depending on the camber,
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Reynolds number, and incidence. At a given incidence and Reynolds
number, the separation point moves downstream as the camber
increases, and the flow fails to reattach after separation as the camber
is above 6%. The force measurement showed that the �CL∕CD�max

depends strongly on both the positive camber at 25%c and the
Reynolds number. Unfortunately, therewere no further studies on the
influence of the reflex camber and its location. Null and Shkarayev
[8] studied a circular wing planform with various cambers (both
positive and reflex cambers) at a Re of 50,000; 75,000; and 100,000.
The positive cambers varied from 3 to 12%c. For the high-speed
flight (Re � 100; 000), the 3% camber gave the best (�CL∕CD�max

value of 6.5, and for the low-speed flight, 6 and 9% camber offer
better �CL∕CD�max values.
On the effect of wing planforms at low Re, however, most work

focuses on the flat-plate geometries without a camber. Torres and
Mueller [9] investigated flat-plate wing planforms with different
aspect ratios at low Reynolds numbers. The results indicated that, for
AR > 1.5, the elliptical planform is more aerodynamically efficient
than the other planforms studied. Beside this, as the aspect ratio
increased, the stall angle occurred earlier, and a relatively constant lift
appeared after the stall angle as the incidence increased further, but
the lift slope CLα became more linear than lower-aspect-ratio wings.
More recently, Okamoto andAzuma [10] studied a series of flat-plate
wing planforms at an even lower Reynolds number of 10,000. A
strong planform effect was found for low-aspect-ratio MAV wings.
Zuo and Wang [11] also investigated experimentally flat-plate
wing planforms with different leading-edge (LE) sweep angles. The
wing has a low aspect ratio at a relatively higher Reynolds number
of 273,000. From surface oil flow visualization and force
measurements, it was found that, for a sweep angle Λ < 35 deg,
CL drops abruptly after stall, but CL decreases more gradually after
stall as the sweep angle increases beyond 50 deg. The large vortex
flow on the upper wing surface varied with the incidence, and the
detachment of the vortices was associated with the abrupt drop ofCL.
The sweep angle was found to alter the stall behavior significantly.
Zhang et al. [12] performed a similar investigation on sweep angle/
taper ratio effects at aReynolds number of 342,000. 3-D leading-edge
separation bubbleswere observed at low incidences, varyingwith the
sweep angles. They confirmed the sweep effect on thewing stall type
and pointed out that the reason may be due to the different leading-
edge vortex structures. An elliptical wing planform was also studied
by Jian and Ke-Qin [13] both numerically and experimentally.
They pointed out that at an incidence larger than 11 deg the flow
becomes bilaterally asymmetric. It is mainly due to the tip vortices’
destabilization. As the angle of attack increased to 33 deg, a large
separated vortex stayed above the wing and formed a stationary
vortex. Delta wings at low Reynolds numbers were also studied
by several investigators, such as Ol and Gharib [14] and Wang and
Zhang [15], etc. (i.e., investigated the leading-edge vortex structure at
low Reynolds numbers).
From the literature, as far as theMAVplanform study is concerned,

investigation on planform effects has so far been limited to flat-plate
wings. In the present work, various MAV planforms are investigated
for thin cambered wings, with both positive and reflex cambers, at a
low Reynolds number. The study is divided into the following
three parts:
1) A validation case is performed, and results are compared with

the experimental data.
2) The aerodynamic performance of camber plate wings of

different planforms is simulated and analyzed, and the results are
compared.
3) 3-D flow structures at both design and stall conditions are

investigated and discussed.

II. Numerical Procedure

The flow around the MAV geometries is solved based on the
incompressible Navier–Stokes equations coupled with a transition
model using the FLUENT flow solver. A finite volume approach is
employed to discretize the governing equations, which are solved
with a pressure-based algorithm. The convection terms are

discretized with the second-order upwind scheme and the diffusion
termswith the second-order central-difference scheme.Menter’s [16]
k-ω-Shear Stress Transport (SST) turbulence model is used to close
the RANS equations. For clarity, the turbulence model with the
transition model is shown here.
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The SST model coefficients are blended between the inner and outer
zones given by the expression

σ � F1σk-ε � �1 − F1�σk-ω

The blending functionF1 is one at thewall and zero far away from the
wall, thus activating the Wilcox [17] k-ω model in the near-wall
region and the k-ω model for the outer zone. The blending function
F1 is given by
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An additional transport equation is used to trigger the transition

locally, and the intermittency function γ [18] is coupled with the k-ω-
SST turbulence model. The main requirements for this transition
model are the local variables and gradients, as well as the wall
distance. The intermittency equation is given as
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The constants are cθt � 0.03 and σθt � 10.0. The boundary
condition for �Reθt at a wall is zero flux, and it should be calculated
from the empirical correlation based on the inlet turbulence intensity
for the inlet boundary condition; more details can be seen in [18,19].
This model has been used by a number of researchers for low-Re
transitional flows. For example, Benyahia [20] conducted a
validation study for the model for low-Re number flows. According
to the comparison between the numerical and experimental data, it
was shown that this transition-SST model accurately predicts the
location and extent of the laminar separation bubble. For proper
behavior of the transition model, the y� value for the first cell above
the wall has to be on the order of one, as recommended by Menter
et al. [18].

III. Details of the Computations

The following section is divided into two subsections: geometry
description and computational setup, including bothmesh topologies
and boundary conditions.

A. Geometry Description

Figure 1 shows the geometry for the validation case, and the MAV
model has a circular wing planform. This wing was investigated by
Null and Shkarayev [8] experimentally. The flow conditions are a

Table 1 Validation case parameters for the
circular wing MAV

Parameter Value

Wing area, S 0.0387 m2

Chord length, c 0.206 m
Positive camber 0.0124 m
Reflex camber 4.75 × 10−3 m
Wing thickness, t 5.08 × 10−4 m
Positive camber location 0.0495 m
Reflex camber location 0.1794 m
Wing span, b 0.2286 m

Fig. 2 Airfoil used in this study.Fig. 1 MAV with a circular wing planform [8].
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freestream velocity of 10 m∕s and an aerodynamic chord of
0.206 mm, and this gives a Reynolds number of 100,000. The given
experimental uncertainties are �0.07 N for lift, �0.06 N for drag,
and �0.073 Nm for the pitching moment. The airfoil has a positive
camber of 6%�c and a reflex camber of 2.3%�c, located at 24%�c and
87%�c, respectively. The model has a wing area of 0.0387 m2 with a
mean chord length of 206 mm and a thickness of 0.508 mm. All the
parameters are listed in Table 1.
After validation, different planforms with a thickness of 0.9%�c are

investigated. The camber line shown in Fig. 2 [8] indicates the
parameters in the camber line design. Based on previous studies
[5–8], a positive camber of 5.8%�c located at 25% of the mean chord
and a reflex camber of 1%�c located 86%�c are chosen for all of the
following planform studies. The reflex camber is introduced in the
design for longitudinal stability for these flying wing configurations
without the tail plane, although it also reduces the overall
aerodynamic performance. The flow conditions are a freestream of
10 m∕s and a mean aerodynamic chord of 0.2214 m, and this gives a
Reynolds number of 150,000 (Table 2).
To study the cambered thin plate wings, four distinct geometries

were selected, namely, rectangular, tapered wings with swept leading
edges, Zimmerman, and inverse-Zimmerman, as shown in Figs. 3
and 4. The choice of these planforms are based on some current often-
used MAV planform designs. For example, the Wasp MAV by
AeroVironment [21] and UGMAV from the University of Ghent [22]
took a low-aspect-ratio tapered wing planform design. The micro
tactical expendable (MITE) MAVs from the Naval Research
Laboratory [23] and Hornet MAVs of AeroVironment [24] were
based on a simple low-aspect-ratio rectangular design. Taperedwings
with high-leading-edge sweep were adopted for the Zagi MAV [24],
and Zimmerman planforms were used in the Dragonfly MAV by the
University of Arizona [25], Florida MAVs [26], and the thrust-
vectored MAV by the University of Sheffield [27]. No detailed
comparison of the aerodynamic performance at low Reynolds
numbers for these different planforms can be found in the literature,
giving the reason for the present study.
Table 3 shows the specifications of the different MAV planforms,

all having the same wing area of 0.0895 m2, the same aspect ratio of
2.12, and a mean aerodynamic chord of 0.221 m. The tapered wings
also have the same taper ratio of 0.44. The root chords are 0.25 m for
all wings except for the rectangular wing.

B. Mesh and Boundary Conditions

In the simulations, fully structured meshes are generated by the
ICEMmesh generation program, as shown in Fig. 5. All models have
a circular leading edge and a sharp trailing edge. A structured C-H
type mesh topology is chosen for the calculations, as shown in Fig. 5.
The freestream Reynolds number based on the chord length is set to

100,000. A symmetric boundary condition is applied at thewing root
plane. The no-slip wall boundary condition is enforced on the wing
surface, and the far-field condition is set for the far-field boundary. To
minimize the effect of the far-field boundary on the accuracy of the
solutions near the geometry, the outer domains were placed at 12c in
the upstream, upward, and downward directions; 15c for the
downstream; and 10c in the span direction.

Fig. 3 Trapezoidal planform geometries.

Fig. 4 a) Zimmerman and b) inverse-Zimmerman planform
geometries.

Table 2 Thin plate airfoil
camber parameters

Parameter Value

d1∕ �c 25%
d2∕ �c 86%
h1∕ �c 5.8%
h2∕ �c 1%
t∕ �c 0.9%
�c 0.2214 m

Table 3 Wing planform specificationsab

Wing planform Cr, m Ct, m Λ, deg B, m

Rectangular 0.221 0.221 0 0.4
LE sweep 0 deg 0.250 0.193 0 0.4
LE sweep 9 deg 0.250 0.193 9 0.4
LE sweep 18 deg 0.250 0.193 18 0.4
LE sweep 30 deg 0.250 0.193 30 0.4
Inverse-Zimmerman 0.250 — — 0.44
Zimmerman 0.250 — — 0.44

aCL;required is the required lift coefficient for
the design condition.
bDesign condition CL;required � 0.35.
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C. Mesh Sensitivity Study and Validation with Experimental Data

Table 4 lists the results based on the grid sensitivity analysis for the
circular wing at two incidences of 0 and 10 deg. From this mesh
sensitivity study, mesh 2, the grid with 402 × 70 × 75 points, is
chosen for all computations reported later as it gives reasonably
accurate results in the force coefficients. Figure 6 shows the
aerodynamic coefficients versus the angle of attack, showing
good agreement with the experiment data below 25 deg, and
underpredictions are found in the stall region. For the resolution of the
turbulent boundary layer, the y� value needs to be on the order of
O�1�, which is satisfied as shown in Fig. 7.

IV. Results and Discussion

The Results and Discussion section (Sec. III) is organized into
1) a comparison of aerodynamic performance at the given design
conditions for the different planforms, 2) a detailed study of the
trapezoidal wings with different leading-edge sweep angles, and 3) a
detailed study of the Zimmerman and inverse-Zimmerman wings.

A. Comparison at the Given Design Condition

The design conditions for testing the various planforms are based
on the requirement for our flying MAV prototype with a design
weight of 200 g, as shown in Fig. 8, with a thrust vector propeller
cruising at 20 m∕s and a Zimmerman wing planform. This MAV has
been flight tested with the fuselage, the propeller in a tractor
configuration, and a vertical stabilizer. Note that, in the current paper,
only the wing itself is studied without the influence of the other
components. Table 5 shows the aerodynamic efficiencies of the
various planforms defined in the last section at the design lift
condition ofCL � 0.35. The solutionwas run iteratively to satisfy the

Fig. 5 Mesh topology for the validation case.

Table 4 Grid sensitivity analysis for α � 0 and 10 deg

Case Size α, deg Grid size CL CD

1 2 × 106 0 276 × 55 × 58 0.108 0.047
10 276 × 55 × 58 0.585 0.119

2 4 × 106 0 402 × 70 × 75 0.106 0.047
10 402 × 70 × 75 0.604 0.125

3 6 × 106 0 478 × 90 × 86 0.109 0.052
10 478 × 90 × 86 0.599 0.125

Experiment — 0 — 0.097� 0.12 0.036±0.05
10 — 0.639� 0.12 0.129� 0.05

a) CL b) CD

Fig. 6 Aerodynamic coefficients for mesh set 402 × 70 × 75: a) CL and b) CD.

y
+

Fig. 7 y� value.
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design lift condition, and in the process, the required incidences for
the differentwingswere found.As can be observed from the table, the
design lift is achieved at relatively small incidences for this particular
positive and reflex camber design.
All the tapered wings, with the same taper ratio of 0.44, have better

aerodynamic performance than the rectangular wing. Among them,
the one with the largest leading-edge sweep produces a significantly
better lift–drag ratio. The inverse-Zimmerman wing is the poorest

among the candidates, whereas the Zimmerman wing gives the best
aerodynamic performance at the design condition. A series of angles
of attack from −6 to 27 deg are simulated every three degrees.

B. Tapered Wing with Different Leading-Edge Sweep

1. Aerodynamic Performance

The aerodynamic performance plots of the trapezoidal wings in
Fig. 9a show that all wing planforms have the similar lift slopeCLα in
the near-linear parts of the curves at low incidences, despite the
differences in the aerodynamic performance shown in Table 5. A
strong effect of leading-edge sweep is shown in Fig. 9b. The 18 and
30 deg sweep wings have the highest CL;max of 0.97–0.98 with a
significant sudden drop of lift at stall. As the leading-edge sweep
reduces, the stall behavior becomes more gradual with decreased
CL;max.

Fig. 8 MAV prototype.

Table 5 Aerodynamic coefficients at the design conditions

Wing planform CD;dc CM;dc CL∕CL;dc αdc, deg Lift slopea

Rectangular 0.0578 0.0682 6.052 1.43 0.0531
Tapered 0 deg LE 0.0567 0.0671 6.172 1.57 0.0531
Tapered 9 deg LE 0.0571 0.0669 6.134 1.59 0.0550
Tapered 18 deg LE 0.0568 0.0687 6.165 1.45 0.0535
Tapered 30 deg LE 0.0504 0.0652 6.944 1.69 0.0567
Inverse-Zimmerman 0.0626 0.0725 5.869 0.45 0.0573
Zimmerman 0.0468 0.0439 7.475 −1.03 0.0567

aa � ∂CL

∂α

a) CL b) CL (zoom in)

c) CD d) CM

Fig. 9 Aerodynamic performance for isolated swept wing planforms.

Fig. 10 Spanwise Cl distributions at the design condition.
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The sweep angle also has a noticeable influence on the pitching
moment coefficient. The trapezoidal wings have a positive Cmα at
incidences between −9 to 5 deg, implying longitudinal instability if
the wings are used alone at low incidences. The two-dimensional
spanwise lift distribution, Cl in Fig. 10, indicates that the tapered
wings have a more constant Cl distribution along the wing span than
the rectangular wing. They also show higher loading near the
wingtips.

2. Surface and 3-D Streamlines

Figure 11 shows the surface streamlines for the trapezoidal wings
at the design condition. Fully attached flow is observed on all the

upper wing surfaces, and leading-edge separation bubbles form on
the lower surfaces for all shapes. All the trapezoidal wings show the
wingtip effects on the surface streamline curvature. The spanwise
flow strengthens as the leading-edge sweep increases. On the lower
wing surface, variation of the leading-edge separation bubble is also
observed, depending on the leading-edge sweep. There is a large
difference in the laminar separation bubbles for the taperedwingwith
zero sweep and the rectangular wing.
The spanwise Cp distributions at different chordwise locations

are shown in Fig. 12. The suction peaks are most prominent in the
plots for the 25%c location, indicating the wingtip vortex effect.
The peak Cp value is similar to the Zimmerman wing case shown
later.

C. Zimmerman vs Inverse-Zimmerman

URANS simulations are performed for both Zimmerman and
inverse-Zimmerman wing planforms. The simulation was performed
with various incidences from −6 to 27 deg, and the time step was set
to be 4.428 × 10−4 s for both wing planform models. The time
averaging for URANS was made based on the results of 300 time
steps after the solution was converged, which corresponded to six
units of flow through time (t � c∕U∞). Figure 13 illustrates the
aerodynamic forces versus the number of time steps. The forces
typically begin with quite high fluctuations and then settle into a
constant value as the time step increases further.

1. Aerodynamic Performance

Figure 14a shows the lift coefficients CL of the Zimmerman and
inverse-Zimmerman wings. The lift slopes are near constant for
angles of attack α ≤ 9 deg, and CL curves become nonlinear as
α ≥ 9 deg. In general, the Zimmerman wing has higher lift than the
inverse-Zimmerman wing at all incidences before stall. Both wing
planforms have the same stall angle of 12 deg. The upward shift of the
lift curve for the Zimmerman wing is due to its higher effective
positive camber from the larger local span at around 25%c.
Figure 14b shows the drag coefficient CD for both wings, and the
Zimmerman wing shows lower values at moderate incidences. As a
result, a much better aerodynamic performance is achieved with the
Zimmerman wing, as shown in Table 5.
For a thin airfoil, the aerodynamic center is at the one-quarter chord

location. The CMac plot around the one-quarter mean aerodynamic
chord is shown in Fig. 14c. Here, the Zimmerman and inverse-
Zimmerman wings show an opposite sign in theCm slope around the
design condition. For the Zimmerman wing at the design condition,
the Cm slope is positive, indicating longitudinal instability. On the
other hand, the inverse-Zimmerman wing has a negative Cm slope at
the design condition, showing longitudinal stability.
Figure 15 shows the lift distribution along the span at the design

condition. The Zimmerman wing has a lower Cl distribution at
z∕b < 0.6, and the lift increases dramatically near the wingtip
location. For the inverse-Zimmerman wing, on the other hand, the lift
Cl drops at the tip suddenly. The reason for the lower lift at the
wingtip is because the inverse-Zimmerman wing has a maximum
span at its maximum reflex camber position (i.e., maximum span at
x∕c � 0.85). The corresponding surface flow pattern in Fig. 16
clearly shows the flow structure for both wing planforms.

2. Stream Pattern

Surface flow visualization of the Zimmerman and inverse-
Zimmerman wings at the design condition is given in Fig. 16.
Figure 17 shows the spanwise pressure distribution at different
chordwise locations. The stream pattern shows that different flow
structures form due to different wing planforms. The wing planform
affected both the wingtip vortex formation and separation bubble
variations on both the upper and lower wing surfaces.
At the design condition, both the Zimmerman and inverse-

Zimmermanwings in Fig. 16a show the upperwing separation occurs
at x∕c � 0.25 (maximum positive camber location), and the
reattachment is located at x∕c � 0.85 (maximum reflex camber
location). This contrasts with the upper surface flow structures for the

Fig. 11 Stream patterns at the design condition: a) upper surface,
b) lower surface, and c) 3-D view; flow from left.
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trapezoidalwings discussed in the last section. The confined elliptical
shaped separation bubbles on both upper wing surfaces has a similar
length in its chordwise direction due to the camber variation, but a
shorter size has been found on the Zimmerman wing surface in its
spanwise direction. In general, the area occupied by the separation
bubbles on the inverse-Zimmerman wing is larger than that for the
Zimmerman wing. This leads to the increased drag and therefore
poorer aerodynamic performance. The leading-edge vortex, on the
other hand, has different structures due to the wing planform effect.

On the inverse-Zimmerman wing, the large leading-edge vortices
induce a strong lateral flow toward the edge and generate the
secondary vortices, as shown on the surface stream pattern in
Fig. 16a. Spanwise flow at the trailing edge has increased due to the
reflex camber effect. Although the flow on the upper wing surfaces is
separated over a significant area, the lift continues to increasewith the
incidence. This phenomenon can be attributed to the additional lift
from the wingtip vortices, which counteracts the negative effects of
flow separation on lift. On the lower wing surfaces, separation
bubbles form at both the leading and trailing edges on the inverse-
Zimmerman wing. The Zimmerman wing, however, has only the
leading-edge bubble on the lower wing surface at the design
condition, as shown in Fig. 16b.
To investigate the vortex lift on the wings, the spanwise pressure

distributions at different chordwise locations are shown in Fig. 17.
Three different streamwise locations are plotted at x∕c � 0.25
(maximum positive camber location), x∕c � 0.58 (zero camber
location), and x∕c � 0.85 (maximum reflex camber location). Note
that the inverse-Zimmerman wing’s maximum span is located at
x∕c � 0.85; however, the Zimmerman wing’s maximum span is at
x∕c � 0.25. Figure 17a shows the pressure distribution from these
three locations, and Fig. 17b shows the correspondingCp values. On
the inverse-Zimmerman wing, a pressure suction peak region
between z∕b � 0.65 and z∕b � 0.78 is observed at the location of
x∕c � 0.25 due to the additional lift generated from the strong
leading-edge vortex. A vortex suction region is also observable at
x∕c � 0.58, but it disappears at x∕c � 0.85 as the leading-edge
vortex lifts off the surface. For the Zimmerman wing, the vortex lift
(suction) is only observable at x∕c � 25%c to a significantly smaller
scale. This can be better comprehended by combining with the
wingtip vortex structures shown in Fig. 16. At the design condition of

a) Cp distribution b) Cp distribution

c) Cp distribution d) Cp distribution

Fig. 12 Spanwise Cp distributions at different chordwise locations at the design condition.

Fig. 13 Aerodynamic force development.
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the same lift, the inverse-Zimmerman wing benefits from the vortex
lift, but the Zimmermanwing benefits more from the positive camber
effect.

3. Transition Region

In the solution process, the intermittency factor γ triggers the local
transition on the wing surface. The intermittency function turns on
the production of the turbulence kinetic energy downstream of the
transition point based on the relation between the transition
momentum thickness and the strain-rate Reynolds number, which is
set to zero in the laminar region and increases to one for fully
turbulent flow.
Figures 18 and 19 show the distributions of the intermittency factor

γ along the chord at four spanwise locations for the inverse-
Zimmerman and Zimmermann wings, respectively. Figures 19 and
20 show the corresponding turbulent kinetic energy contour plots.

The steep increase of the intermittency factor on the upper surface is
clearly shown, indicating the transition to turbulent flow.The inverse-
Zimmerman planform (Figs. 18 and 20) shows that γ starts to increase
approximately at a location of 30%cat z∕b � 0.23 and reaches a peak

a) CL b) CD

c) CM

Fig. 14 Aerodynamic coefficients for inverse-Zimmerman and Zimmerman isolated wings: a) CL, b) CD, and c) CM.

Fig. 15 Spanwise lift distribution at the design condition.
Fig. 16 Instantaneous stream pattern at the design condition (CL�0.35):
a) upper surface and b) lower surface.
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a) Cp distribution locations a) Cp distribution locations

b) Inverse Zimmerman b) Zimmerman

Fig. 17 Mean spanwise Cp distributions at different chordwise locations at the design condition.

a) z/b = 0.23 b) z/b = 0.45

c) z/b = 0.68 d) z/b = 0.9

Fig. 18 Instantaneous intermittency values at the design condition for the inverse-Zimmermanwing at a) z∕b � 0.23, b) z∕b � 0.45, c) z∕b � 0.68, and
d) z∕b � 0.9.
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value of 0.9 at about 40%c. Toward the wingtip, the transition
location was found at 45%c, and a maximum value of 0.6 at about
60%c was shown at the spanwise location of z∕b � 0.68. At the
wingtip, z∕b � 0.9, vortical flow dominates, and the flow becomes
laminar beyond 40%c. The lower surface is dominated by laminar
flows away from the inboard span region.
The transition region for the Zimmermanwing is shown in Figs. 20

and 21. The transition zone is located approximately between 30 and
40%c at z∕b � 0.23 on the upper wing surface. The transition region
moves toward the trailing edge as the span location moves to the

wingtip (i.e., 46 to 62%c at z∕b � 0.68). At the wingtip, the flow is
dominated by laminar flows. The lower surface shows a much longer
transition zonewith gradual reduction of the intermittency toward the
trailing edge except near the tip.

V. Conclusions

Similar aerodynamic results are observed for trapezoidal wings
with different leading-edge sweeps in the low incidence range at a
low Reynolds number. However, at higher incidences, the leading-

Fig. 19 Turbulent kinetic energy at different span locations for the inverse-Zimmerman wing at a) z∕b � 0.23, b) z∕b � 0.45, c) z∕b � 0.68, and
d) z∕b � 0.9.

a) z/b = 0.23 b) z/b = 0.45

c) z/b = 0.68 d) z/b = 0.9

Fig. 20 Instantaneous intermittency values at the design condition for the Zimmerman wing at a) z∕b � 0.23, b) z∕b � 0.45, c) z∕b � 0.68, and
d) z∕b � 0.9.
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edge sweep affects directly the stall behavior. Different lift-curve
behaviors are found in the near- and poststall conditions for different
planforms with positive and reflex cambers. A higher leading-edge
sweep gives a higher maximum lift, accompanied by a more sudden
stall. On the other hand, a lower leading-edge sweep produces less
maximum lift and more gradual stall behavior. All wing planforms
except the inverse-Zimmerman wing show a positive pitching
moment slope CMα at incidence α < 5 deg, which indicates that the
micro air vehiclewings themselves are not longitudinally stable at the
design condition. The inverse-Zimmerman wing, however, shows
longitudinal stability at the design condition, due to the amplified
reflex camber by the increased span near the rear of the wing.
According to the overall aerodynamic performance, the Zimmerman
wing shows the best lift-to-drag ratio, CL∕CD � 8, at the design
condition, whereas the trapezoidal wing with a leading-edge sweep
above 18 deg produces the highest maximum lift.
The flow visualization on both upper and lower surfaces is used to

analyze the different flow structures at the design condition for the
different planforms. The observations are the following:
1) Elliptical separation bubbles form on both upper and lower

surfaces for the Zimmerman and inverse-Zimmerman wings. They
are much larger for the latter. However, for trapezoidal wings, fully
attached flow is observed on the upper surface, with separation
bubbles forming at the leading-edge region on the lower wing
surface.
2) The local camber has a strong effect on the separation/

reattachment location of the bubbles for the Zimmerman and inverse-
Zimmerman wings. The upper surface separation starts at around
x∕c � 0.25, the maximum positive camber location, and reattaches
around x∕c � 0.85, the maximum reflex camber location for both
planforms.
3) The Zimmerman wing shows the wingtip vortex developing

from the maximum span location, whereas the inverse-Zimmerman
wing has a much earlier start of the wingtip vortices. The vortices
generally follow the outline of thewing up to a point and then separate
from thewing. The leading-edge vortices affect amuch larger area on
the inverse-Zimmerman wing upper surface than that on the
Zimmerman wing. This helps the inverse-Zimmerman wing to
generate more vortex lift. The bubbles on the Zimmerman and
inverse-Zimmerman wings are limited to the inboard section of the
wing because, near the wingtips, the tip vortices energize the flow,
confining the separation bubbles. On the other hand, for the
trapezoidal wings, the effects of the wingtip vortices on the flow
structure are very limited.

4) For the Zimmerman and the inverse-Zimmerman wings at the
given design lift condition, the transition starts at around 30–40%c on
the upper surface away from thewingtip after the laminar separation.
The transition on the lower wing surface shows relaminarization
toward the trailing edge.
Further investigation is warranted in the following areas: wing

reflex camber design for longitudinal stability, wing–fuselage
aerodynamic interaction and stability, propeller slipstream effects on
the flow structure/aerodynamics/stability, and the fluid-structure-
interaction effect due to thin wing flexibility on the overall
aerodynamic performances.
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Queries

1. AU: Figure 8 has been changed to grey scale. Please check and confirm.

2. AU: Please check all the references and their citations.

3. AU: Table 2 was not cited in the text and please check and confirm the insertion of the citation for Table 2 in the text.

4. AU: Please review the revised proof carefully to ensure your corrections have been inserted properly and to your satisfaction.
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