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Nomenclature

aspect ratio

coefficient of lift

wing lift-curve slope
section lift-curve slope
coefficient of lift
coefficient of lift

= maximum lift-to-drag ratio
= angle of attack
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I. Introduction

NNULAR wings belong to the class of nonplanar wing

configurations and have gained significant popularity recently
[1-5] among the designers of unmanned air vehicles (UAVs) and
micro air vehicles (MAVs). The lift increment of the annular wing
from any planar configuration of same aspect ratio is well known.
Moreover, for small aspect ratios, a significant improvement in
(L/D)pax is observed. Not surprisingly, the increased popularity of
annular wings has been driven by their application in ducted-fan
UAVs. Annular shroud around the fan helps to increase the static and
dynamic thrusts produced, and when the shroud is designed as an
annular wing, it also acts as a lifting surface in the forward flight.
Typical examples of UAVs with annular wings are the Honeywell
MAV by AVID, LLC [1,2], the Singapore Technologies (ST) fantail
system [3], and the GoldenEye UAV [4]. The application of the
annular wing on passenger aircraft has also been conceptualized.
Although the work related to annular wings can be traced back to [6]
in 1947, the generic theoretical aerodynamic models of such wings
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have not been fully studied and have not received significant attention
from technology protagonists beside its recognized advantages.

Ribner [6] analytically derived the lift characteristics of annular
wings and concluded that their lift-curve slope is twice that of the flat-
plate elliptical wings of the same aspect ratio. The seminal work in [7]
represented the first formal experimental investigations on annular
wings by a varying aspect ratio and comparing their lift-curve slope
with various theoretical models. The investigation included the
longitudinal aerodynamic characteristics of five annular wings of
aspect ratio (AR) = 1/3,2/3, 1.0, 1.5, and 3.0 with equal projected
areas and the Clark-Y airfoil cross section (thickness-to-chord ratio of
11.7%). The Reynolds numbers of the experiment varied, Re =
0.704-2.11 million, due to the variation in the root chords of the
wings. The results indicated that the lift-curve slopes of the annular
wings were about twice that of the lift-curve slopes for planar
rectangular wings having the same aspect ratio, which confirmed the
findings of [6]. Recently, Traub [5] has revisited the topic by carrying
out the experimental investigation on the baseline annular wing
aerodynamics and studied the effects of gap and aspect ratio. The
findings for aspect ratio variation coincide with the results in [7], but
no analytical approximation of the lift behavior is attempted. Demasi
[8] has developed a theoretical model of the minimum-induced drag
prediction for annular wings based on the lifting line theory and the
small perturbation acceleration method.

A simplified concept of leading-edge suction analogy was
proposed in [9] for the low-aspect ratio planforms (specifically delta
wings) in the late 1960s. The aerodynamic surfaces at moderate
angles of attack suffer from flow separation at or near leading edge,
which significantly alters the pressure distribution on the upper
surface. The approach assumes that the total lift in the prestall regime
can be calculated as the sum of the component of lift from potential
flow (based on fully attached pressure distribution) and the other
component associated with the separated leading-edge vortices. The
total force on the wings (prior to stall) associated with the pressure
required to stabilize the separated vortices is equivalent to the
leading-edge suction force to keep the flow around the wings
attached. This theory was extended in [10] to other planform shapes,
such as rectangular wings in subsonic and supersonic regimes.
Suction analogy for the side-edge vortices was also proposed in
this work. Recently, this approach has been used to study the
aerodynamic characteristics of different low-aspect ratio planform
shapes at the low Reynolds numbers in [11,12]. Specifically, the
aerodynamic effect of pressure-induced forces and vortex-induced
forces are parameterized and can be observed explicitly for various
planform shapes and aspect ratios.

The vortex generated from leading-edge flow separation is also
observed in the annular wings. In [5], during the surface flow
visualization, a significant region of separation is observed on top of the
annular wing with an increasing angle of attack. The lower surface also
showed evidence of large scale separation in the vicinity of the stall.
Such separation leads to vortex generation and, consequently, a suction
force that will contribute to lift as in the planar wing. Therefore, the
influence of leading-edge separation on overall pressure distribution
can be approached similarly using the Polhamus-like method.

The key factor in the development of the Polhamus-like
formulation for the annular wings is to properly model the division of
overall lift contribution from fully attached (potential) flow and
vortex-induced flow. This is achieved by comparing a set of different
theoretical models to the experimental data of the annular wing with
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an aspect ratio in the range of 1/3 to 3.0. It is found that some
modified theoretical models closely agree with the experimental data
whereas some do not. Subsequently, the concept of leading-edge
suction analogy in [9] is extended to the aerodynamic estimation of
the annular wings. The Polhamus theoretical model is applied to the
experimental data in [7]. The variations of pressure and vortex-
induced constants with aspect ratios are then generalized. The advan-
tage of this approach is that the pressure-induced and vortex-induced
performance can be approximated separately using an analytical
relationship. Moreover, it provides an alternative approximation
procedure as good as or better than the previous theoretical methods.
Specifically, it is observed that the vortex lift constant is one-third of
the value calculated in [11]. Moreover, the pressure constant is almost
twice of the value for Zimmerman, inverse Zimmerman, rectangular,
and elliptical planform shapes. Subsequently, the wind-tunnel testing
of the annular wing designed at Nanyang Technological University
for a ducted-fan UAV to operate in the low Reynolds number regime
is carried out. The annular wing has a different airfoil cross section
and aspect ratio than the one reported in the literature. The experi-
mental aerodynamic coefficients are then fitted with the suction-
based model developed earlier. An excellent agreement between the
experimental and formulation developed is demonstrated.

II. Aerodynamic Estimation

The experimental data in [7], the details of which are repeated here,
are used to study the aerodynamic behavior of the annular wings of
various aspect ratios. Five aspect ratios are studied in [7]: 1/3,2/3,
1.0, 1.5, and 3.0 with the Reynolds number variation Re =
0.704-2.11 million. It should be noted that the aspect ratio is defined
as the ratio of the diameter of the duct and its chord length. The
projected planform area of all models is kept constant. The models are
mounted at their quarter-chord points in a 6 X 6 ft wind-tunnel cross
section. All of the annular wings tested have a Clark-Y airfoil cross
section with a thickness-to-chord ratio of 11.7%. The data are
presented in Fig. 1 for various aspect ratios. The investigation in this
paper is focused in the prestall regime only, and, therefore, the data
shown are only until the vicinity of the stall. As obvious from the
general understanding, the lift-curve slope increases with the increase
in aspect ratio. Moreover, the shift in the stall pattern to lower angles
of attack at lower aspect ratios is also evident in Fig. 1. It should also
be noted that the inherent nonlinear effects associated with small
aspect ratios are negligible for annular wing planforms. The
experimental data in [7] also show benign stall behavior for the
annular wings.

In this section, existing methods used to predict the lift behavior of
planar wings as a function of aspect ratio are applied to the annular
wings following the modification in [6]. Following that, the
Polhamus-like formulation based on suction analogy is developed to
predict the lift pattern. The pressure-induced and vortex-induced lift
behaviors are decoupled and studied separately. Subsequently, drag
and moment behavior are also examined.

1.5 T T :
< ® AR=1/3
Y -
105} < Pl W = AR=2/3
o 14“ a* 4 v AR=1.0
: ; & f - 4 AR=1.5
£ vV
5 :1 Ve vv'w < AR=3.0
S & A‘A vvv ot -
< 0.75 i #4 Aﬁ A . ]
g < ‘ V' ..I .........
€ o5 <L an o**
£ = o
g & A‘@‘vv - *®
o < A - o ®
Ay " o®
0.25 Sa ¥ ™" g ®
;Av.'..l.. ot
.
e
0 5 10 15 20 25 30 35

Angle of Attack - deg

Fig.1 Effectof aspect ratio on the variation of lift coefficient for annular
wings [6].

A. Existing Techniques

The aerodynamic performance of the annular wings is generally
quantified using their lift-curve slope (C;,). The lift-curve slopes of
the experimental data in Fig. 1 are compared with a number of
theoretical predictions in Fig. 2. The first comparison is based on the
theoretical model proposed in [6] for the high-aspect ratio annular
wings:

27ARC,,

LT 4AR + C, 0
where Cy, is the lift-curve slope of the airfoil cross section. Fletcher
[7] observed that the model is accurate for the aspect ratio greater than
2.4. It is evident from Fig. 2 that the model does not predict the
experimental lift-curve slopes accurately except for the aspect ratio
of 3.0.

The theoretical model suggested in [6] for the low-aspect ratio
annular wings only matches the data for the aspect ratios of 1/3 and
2/3. There is no good relationship found between the experimental
and the theoretical predictions for aspect ratios greater than 1.
Ribner’s [6] mathematical model for the low-aspectratio case is given
by

CLo = TAR 2)

Ribner’s [6] high- and low-aspect ratio annular wing lift-curve slope
predictions are valid in the specified range only and cannot predict the
complete range of aspect ratios between 1/3 and 3.0. Ribner [6]
predicted that the lift of the annular wing is twice the lift of the flat
elliptical wing of the same aspect ratio. The theoretical lift slope
based on the Weissinger method as a function of aspect ratio is
developed in [13] for different planform shapes. The lift-curve slopes
of elliptical and rectangular wings obtained using this method are ad
hocly multiplied by two (following the result in [6]) and compared
with the experimental data in Fig. 2. It is observed that both trends
fairly predict the experimental results.

Another theoretical model in [14] is also examined. This model is
proposed for the low-aspect ratio planar planforms of less than 2, as
follows:

. 27AR
24 /(AR*/p*)(1 4+ tan A, ) + 4
/

3

CLa

where = Cj, /27 and A5 is the sweep back angle at midchord. For
the annular wings, the sweep angle is treated as zero. The predicted
values from this model are again multiplied by two, following the
result in [6] and compared in Fig. 2. Interestingly, this model holds
valid for low-aspect ratio wings but is not accurate for high-aspect
ratio ones.

Finally, the formulation in [15] for aspect ratios less than 2.5 is
studied:
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Fig.2 Comparison of lift-curve slope with different theoretical models
for various aspect ratios.
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Cro = [36.5/AR + 2AR]"! @)

Again, the values are multiplied by two and shown in Fig. 2. It can be
observed that the model cannot accurately predict the lift-curve slope
of the annular wings.

The methods described above to predict the lift-curve slope of the
annular wings, as summarized in Fig. 2, are based on the linear lift-
curve assumption, and, thus, they cannot capture the nonlinearities
associated with the lift pattern. Therefore, in the next section, an
alternative aerodynamic prediction method for the annular wing
based on suction analogy that can capture a certain degree of
nonlinearity in lift curve is proposed.

B. Leading-Edge Suction Analogy

This concept [9] is based on the fact that the total lift can be
calculated as the sum of potential-flow lift, and the lift associated
with the existence of leading-/side-edge vortices. The significant
advantage of this approach is that the overall lift can be parameterized
into pressure-induced and vortex-induced contributions, thereby,
giving a better insight into the factors contributing to aerodynamic
performance. It should be noted that the Polhamus method does not
cater for the specific flow details, but rather it quantifies the suction
force on the wing arising from the pressure required to keep the
centrifugal force in equilibrium as the flow passes around the
separation vortex.

The potential lift, C; ,, can be calculated using the linear lifting
line theory with the assumption of zero leading-edge suction as the
streamlines will pass smoothly around the leading-edge separation
bubble. Moreover, the flow will reattach itself on the upper surface of
the wing after passing over the separation vortex. Therefore, the
potential flow lift is decreased only by the loss of the leading-edge
suction force. The potential lift can be expressed as [9]

2a (®)]

Cpp = K, sin acos
where K, is a constant to be determined using empirical techniques.
Moreover, for small angles of attack, the expression is reduced to
C; , = K,a,which shows thatin this case K , is analogous to the lift-
curve slope obtained from the small angle theory.

Polhamus [9] presented explicit existence of the force generated by
the vortex pattern emerging on the highly swept wings. These
vortices help to reattach the flow on the upper surface of the wings,
thereby, generating nonlinear lift pattern and significantly delaying
stall angle of attack. Lamar [10] extended this concept to the side
edges, such that the side-edge vortices that swirl to the upper surface
of the wings also contribute to the vortex lift. The vortex lift
equivalent to the leading-edge suction force acts normal to the wing
surface, and the resolved component in the lift direction can be
written as

Cp, =K, cos a sin® a 6)

where K, is a constant. For planar wings, K, generally does not vary
much with aspect ratio, and its value can be approximated by 7 from
studies conducted in [9,11,12] using various planform shapes. Torres
and Mueller [11] obtain an excellent agreement between this model
and experimental results using four different planform shapes
(rectangular, Zimmerman, inverse Zimmerman, and elliptical) if the
value of K, is kept constant at 7.

The total lift coefficient can be obtained by summing the potential
lift [Eq. (5)] with the vortex lift [Eq. (6)] as follows: C; =
K, sin a cos? a + K, cos asin® aA representative case of Eq. (7) is
plotted in Fig. 3. It should be noted that the potential flow-based lift
and vortex-induced lift add together to the actual total lift. In this
representative case, the value of K, is 1 and K, is /3.

Equation (7) is used to estimate the lift data of the annular wing for
various aspect ratios in Fig. 4 by empirically finding the values of K,
and K, The values of K, as per estimation in [6] are set at twice the
values of rectangular and elliptical wings found in [11]. For the value
of K,, a close agreement between the theoretical model and
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Fig. 4 Lift comparison between experimental and Polhamus suction
analogy.

experimental data can only be demonstrated by setting its value to
/3 for all aspect ratios. This suggests that the vortex lift contribution
for the annular wings is one-third of the other planar wing designs
investigated in [11]. This is an interesting finding that has not been
reported in literature to date.

The value of K, as a function of aspectratio is plotted in Fig. 5. The
variation of K, from the aspect ratio 1/3 to 1.5 is linear in nature and
can be expressed as

K, =2.821AR (8)

For the complete aspect ratio range from 1/3 to 3.0, another
relationship is found empirically:
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Fig.5 Variation of K, as a function of aspect ratio.
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. (AR
K, = Kpmax sin (7) C))

where K, .« = 6.25. Note that in any of these approximations, the
values of K, are almost twice that of the values of different planar
configurations in [11].

Lamar [10] extended the suction analogy to calculate drag and
pitching moments of the wings. The drag approximation used is

CD=CDU+Kpsin2a cos a + K, sin® a (10)

However, it is observed that the drag relationship does not predict the
drag behavior accurately. This is consistent in [11]. The drag is fairly
well predicted by a more renowned drag polar equation. The
comparison is shown in Fig. 6:

Cp = Cp, + KC? (11)

The induced drag coefficient, K, is plotted as a function of aspect
ratio in Fig. 7. It is observed that the trend closely follows the
following power law:

K = a(AR)® (12)

where a = 0.15 and b = —1.237 The value of K for the annular
wings is compared with other planform shapes in Fig. 7. It can be
observed that the value of K is significantly lower for the annular
wings as compared to various planar shapes.

Finally, the coefficient of pitching moment can be approximated
using the formula proposed in [10]:

Cy = x,K, sin a cos a + x,K, sin’ a (13)

The experimental data are compared with the theoretical model in
Fig. 8, which demonstrates the good agreement.
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Fig.7 Parameter K as a function of aspect ratio.
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Polhamus/Lamar suction analogy.
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The parameter x,, and x, are referenced at the quarter-chord point.
The approximation for x,, is accurately approximated with

x, = aAR’ + ¢ (14)

where a = 0.3, b = —0.786, ¢ = —0.26. The trend is plotted in
Fig. 9. On the other hand, the variation of the parameter x, with aspect
ratio is found to be linear, as follows:

Xe =p1AR+pU (15)

where p; = 0.63, p, = —0.35.

III. Validation Studies
A. Description of the Model

The platform used to further validate the results of this study is a
conventional annular wing as shown in Fig. 10. The annular wing is
circular with the same cross section. The aspect ratio of the wing is
1.62. The dimensional details of the model include a span of 0.235 m
and a chord length of 0.145 m. The planform area of the annular wing
is 0.034 m?, which is different from the setup in [7]. The airfoil of the

Isometric View Side/Top View

Fig. 10 Isometric and side/top view of annular wing.
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wing is Eppler 180 for the low Reynolds number applications with
the thickness-to-chord ratio of 8.59%. The wind-tunnel model is
primarily made of an acrylonitrile butadiene styrene honeycomb
structure commonly known to us as Lego® blocks material. The
model is constructed through laser machining.

B. Aerodynamic Evaluation

The aerodynamic characteristics of the annular wing are obtained
through wind-tunnel testing. The experiment is carried out in a low-
turbulence closed-circuit wind tunnel at Nanyang Technological
University. It has a contraction ratio of 9 and a rectangular inlet
contraction cone designed specifically for low-turbulence intensity,
as well as three antiturbulence screens with different meshes. The test
section is 2 m long with a rectangular cross-sectional area of
0.78 m X 0.72 m. The model is mounted at the quarter-chord
location on a six-component internal balance. The Data Acquisition,
Reduction, and Control System is based on a National Instruments
platform and Lab-View®-based software. Force and moment
coefficient presented in this work have been corrected for wind-
tunnel blockage effects (solid blockage, wake blockage, and
streamline curvature) according to the techniques presented in [16]. It
was found that the blockage effects are minimum in the setup.
Similarly, it was found that no hysteresis is present in the setup. The
test is conducted at the Reynolds number of approximately Re =
0.2 x 106 corresponding to the velocity of 15 m/s.

C. Comparison with Theoretical Model

The aerodynamic coefficients obtained from the experiment are
presented in Fig. 11 and compared with the formulations developed.
For lift, the approximation of K , is taken from Eq. (9) for the aspect
ratio of 1.62. The value of K, is kept constant at z/3. An excellent
agreement is demonstrated for the lift in the prestall regime. The
validity of this model holds up to an angle of attack of 15 deg, which is
the maximum angle of attack done in the experiment.

The coefficient of drag is fitted with the classical drag polar
equation. The induced drag constant, K, is fitted with the value of
0.06. The coefficient of moment experimental data is fitted with the
theoretical model discussed in Eqgs. (13-15). The trend adequately
follows experimental data at a low and high angle of attack. However,
the fitting around the 9 deg angle of attack does not accurately predict
experimental values. The cause is probably attributed to the poor
approximation of x, in Eq. (15).

The comparison between the formulation developed and the data
from the experiment is found to be fairly accurate. The minor
differences can be attributed to multiple factors like geometry,
Reynolds number, and experimental uncertainty, etc. Therefore, the
proposed formulation can be used for a quick estimation of the
aerodynamic forces and the moment for the annular wings between
the aspect ratio of 0.5 and 3.0.

IV. Conclusions

An alternative method based on leading-edge suction analogy is
proposed for the aerodynamic estimation of annular wings. The
significant advantage of this approach is that the overall lift can be
separated into pressure-induced and vortex-induced contributions,
thereby, giving a better insight into the aerodynamic performance.
The experimental data for five annular wings with varying aspect
ratios are used in the analytical formulation development. The
formulation developed suggests that the vortex lift for the annular
wings is about one-third of that from planar configurations with the
same aspect ratio, whereas the pressure-induced lift is consistently
about twice as high as that of planar shapes (rectangular, elliptical,
Zimmerman, and inverse Zimmerman) for the same aspect ratio,
which is conformed to the previous result in the literature. For the
coefficient of drag, the classical drag polar equation is found to be
more appropriate for the annular wing drag prediction across a
varying aspect ratio and angle of attack. The coefficient of the
pitching moment formulation is shown to yield an acceptable
prediction of the moment coefficient as well. The aerodynamic
predictions using the formulations developed are further shown to be
accurate by experimental validation using an annular wing of
different geometric details.
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