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Abstract

This paper describes the systematic experimental and computational (2-D CFD) studies performed
to obtain a fundamental understanding of the physics behind the lift and thrust production of a cycloidal
rotor (cyclorotor) in forward flight for a unique blade pitching kinematics. The flow curvature effect
(virtual camber and incidence due to the curvilinear flow) was identified to be the key factor affecting
the lift, thrust and power of the cyclorotor in forward flight. The experimental study involved systematic
testing of an MAV-scale cyclorotor in an open-jet wind tunnel using a custom built three-component
balance by varying rotor chord/radius ratio and blade pitching axis location, since these two parameters
have a strong impact on flow curvature effects. Because of the virtual camber/incidence effects and
the differences in the aerodynamic velocities around the azimuth, the blades produce a small downward
lift when they operate in the upper half of circular trajectory and a large upward lift in the lower half
producing a net lift in the upward direction. The magnitude of this lift depends on the chord/radius
ratio and the blade pitching axis location and the direction of lift depends on the sense of rotation. The
positive thrust on the cyclorotor is produced when the blades operate in the rear half of the rotor, while
they produce a small negative thrust as they operate in the frontal half. The lift per unit power of the
rotor is increased with chord/radius ratio until a c/R of 0.67. Moving the pitching axis location closer
to the leading edge also increased the lift producing efficiency of the cyclorotor. It was observed that
the optimum chord/radius ratio for maximum thrust per unit power decreased with forward speed. A
key conclusion was that the lift producing efficiency (lift per unit power) of the rotor (for a constant
thrust) increased with forward speed while the thrust producing efficiency (for a constant lift) decreased
with forward speed. This study also disproves the conventional argument that a cyclorotor needs two
completely different pitching schedules for efficient hover and forward flight because it is clearly shown
that a simple phase shifting of the hover kinematics could result in an efficient forward flight kinematics
provided the cyclorotor has a high chord/radius ratio.

Nomenclature

b Blade span
c Blade chord
CP Coefficient of pressure
CL Lift coefficient
D Rotor diameter
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L Rotor lift
Nb Number of blades
R Radius of the cyclorotor
T Rotor propulsive thrust
Vinf Wind speed
X,Y, Z Cyclorotor coordinate system
µ Advance ratio, Vinf/ΩR
Ω Rotational speed of the rotor
ψ Azimuthal location
ρ Air density
σ Rotor solidity, Nbc/2πR
θ Blade pitch angle

I. Introduction

Micro Air Vehicles (MAVs) is a rapidly emerging field of research, which is envisioned to have a wide range
of military and civilian applications. Being small and compact systems, MAVs offer several advantages such
as portability, rapid deployment, real-time data acquisition capability, low radar cross section, low noise
signatures and low production cost. However, even though the concept of MAV appears attractive, the
MAV research is still in its incipient stages. The present status of MAVs is far from being viable for any
challenging practical applications. However, it should be noted that only a decade of research has gone
into these small vehicles and the key technical barriers are only being resolved now. Some of these barriers
include efficient small-scale power generation and storage, out-of-sight navigation and communications, low
Reynolds number aerodynamics, and autonomous control. One of the most important and least understood
aspects of small-scale flight is its aerodynamic performance.

From an aerodynamics perspective, the key challenge for an MAV designer is the low lift-to-drag ratios
of even the most optimized airfoil geometries (L/D tends to range from 2 to 8) at low Reynolds numbers.
Several fixed-wing MAVs have already been successfully tested [1–5]. One particular example [4, 5] has
a weight of 80 grams and a flight endurance of about 30 minutes. Even though the fixed-wing MAVs
may be the best performers today with the imposed size and weight constraints, they lack the ability to
hover or to operate in confined environments. These latter attributes are important for many missions,
including surveillance in constrained areas such as building interiors, caves and tunnels. Therefore, the
development of efficient hovering concepts will lead to more versatile MAVs with expanded flight envelopes.
At present, rotary-wings are the most practical choice for hovering and low-speed flight. To this end, several
hover-capable MAVs based on single main rotor or coaxial rotor configurations have been successfully built
and flight-tested [6–9]. However, hovering and low-speed flight modes are already states of high power
consumption, and the situation is further exacerbated by the degraded performance of conventional airfoils
at the low Reynolds number range (10,000 – 50,000) at which these MAVs operate. In fact, most MAVs based
on conventional rotors have shown relatively low performance, e.g., the maximum figure of merit achieved
to date is only about 0.65 [6, 8]. This implies that scaling down full-scale concepts such as fixed-wings
and helicopters may not be the best approach for operating in a completely different aerodynamic regime.
Therefore, investigating alternate solutions such as cycloidal rotors, flapping wings, etc., is important because
they might have potential for better performance at the low Reynolds numbers.

A MAV concept based on a cycloidal rotor (cyclorotor) system instead of a conventional rotor has been
proposed. A cyclorotor (also known as cyclogyro) is a rotating-wing system (Fig. 1(a)) where the span of
the blades runs parallel to the axis of its rotation. The pitch angle of each blade is varied cyclically by
mechanical means such that the blade experiences positive geometric angles of attack at both the top and
bottom positions of the azimuth cycle (Fig. 1(b)). The resulting time-varying lift and drag forces produced
by each blade is resolved into the vertical and horizontal directions, as shown in Fig. 1(b). Varying the
amplitude and phase of the cyclic blade pitch is used to change the magnitude and direction of the net
thrust vector produced by the cyclorotor. However, Fig. 1(b) shows the hover kinematics, which is not the
kinematics investigated in the present study.

Compared to a conventional rotor, each spanwise blade element of a cyclorotor operates at similar aerody-
namic conditions (i.e., at same flow velocity, Reynolds number, and angle of incidence), and so the blades can
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(a) 4-bladed cyclorotor used in the experimental study.

(b) Blade pitching kinematics and force vectors on a
cyclorotor in hover.

Figure 1. Cycloidal rotor.

be more easily optimized to achieve best aerodynamic efficiency. Moreover, because the blades are cyclically
pitched once per revolution (1/rev), unsteady flow mechanisms may delay blade stall onset and in turn may
augment the lift produced by the blades. Previous studies at the University of Maryland have shown that,
the cyclorotors, if systematically optimized, can reach aerodynamic efficiencies higher than conventional ro-
tor systems [10]. Figure 2 clearly shows that the power loading (thrust/power) of an optimized cyclorotor
is higher than that of a conventional micro-rotor of similar actuator area at the same disk loading [10].
Furthermore, because the thrust vector of a cyclorotor can be almost instantaneously set to any direction
perpendicular to the rotational axis, a cyclorotor-based MAV may ultimately show better maneuverability
and agility as compared to a MAV powered by a conventional rotor system, which are particularly important
attributes for constrained indoor flight operations. One major drawback of a cyclorotor is its relatively large
rotating structure, which might incur a larger weight penalty than a conventional rotor.

Even though the concept of cyclorotors has been around for almost a century, there have not been many
systematic studies performed on this concept. Most of the studies that have been performed are mostly at
relatively large scales (Re > 100,000) [11–14]. The key conclusions from these studies are summarized in Ref.
[15]. Previous studies performed at the University of Maryland [10,15–20] included systematic experimental
studies on a micro-scale cycloidal rotor with rotor dimensions of approximately 6 inches (0.152 meters) in
diameter and span. A wide range of kinematic and geometric parameters were systematically varied to study
their impact on rotor performance in hover. The effect of blade kinematics on rotor performance was studied
through variation of rotational speed, blade pitching amplitude (symmetric and asymmetric blade pitching),
pitching axis location and blade flexibility. The impact of rotor geometry on performance was studied
through parameters such as rotor radius, blade span and chord, blade airfoil profile, rotor aspect ratio, blade
planform, number of blades with constant chord (varying solidity) and number of blades at constant solidity.
The results from these studies were used to develop an optimized cyclorotor that was then implemented
on a fully operational 450 gram twin-cyclocopter MAV (Fig. 3(a)), resulting in a stable autonomous hover
(Fig. 3(b)). The experimental cyclorotor used in the present study has the same dimensions as the rotor
used on this vehicle.

However, almost all these studies are performed in a hover condition. There have been only two ex-
perimental forward flight studies on the cycloidal rotor concept. The first study was conducted in 1935 by
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Figure 2. Power loading for the optimized cyclorotor compared with a conventional micro-rotor [10].

Wheatley and Windler [21] which included systematic wind tunnel tests on a 4-bladed cyclorotor with a di-
ameter and span of 8 ft (2.4 meters) and a blade chord length of 0.312 ft (0.095 meters). Rotor performance
was studied for speeds up to 100 mph. The study showed that the rotor power increases much faster with the
thrust force component than with the lift force component. Another interesting conclusion was that blade
pitch amplitude primarily affected rotor thrust and power and the phasing of pitch impacted the lift force
component in forward flight. The second study was conducted in the early 1940s on a large-scale cyclogyro
model at the University of Washington Aeronautical Laboratory [22]. One interesting conclusion from this
study was that the propulsive efficiency of the cyclorotor increases with increasing values of rotor thrust at
high forward speeds. A detailed summary on the conclusions drawn from these earlier studies is provided in
Ref. [15]. It should be noted that there have not been a single forward flight study on a cycloidal rotor at
smaller scales.

(a) 450 gram twin cyclocopter.

(b) Stable autonomous hover of 450 gram twin cyclo-
copter.

Figure 3. 450 gram twin cyclocopter.
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A recent forward flight study conducted at University of Maryland investigated the effect of blade pitch
amplitude and its phasing on the forward flight performance of a MAV-scale cyclorotor of 6 inch (0.152
meters) span and diameter at different advance ratios [23]. This study showed a large decrease in power
for a trimmed isolated cyclorotor with forward speed (almost 35% drop from hover to minimum power). It
was also interesting to see that the minimum power for one of the rotor configurations occurred at 13 m/s
(advance ratio = 0.94) which is a very high forward speed for a rotor of this scale and clearly shows the
high speed forward flight capability of the cyclorotor concept. The present work is a continuation of this
study and utilizes a combined experimental and computational (2-D CFD) approach to obtain an in-depth
understanding of the physics behind the lift and thrust production of a cyclorotor in forward flight. All
the studies in present work were conducted for a unique blade pitching kinematics (Fig. 4), which has been
identified to be an efficient configuration for high speed forward flight in our previous study [23]. The present
study has identified the flow curvature effect (virtual camber and incidence due to a curvilinear flow) as the
key factor affecting the forward flight performance of this cyclorotor configuration. Since the flow curvature
effects are strongly dependent on the rotor chord/radius ratio and pitching axis location, a systematic
experimental study has been conducted in an open-jet wind tunnel by varying these two parameters to
understand their impact on lift, thrust and power.

Figure 4. Definition of forces and blade pitching kinematics investigated in the present study.

II. Definition of Blade Kinematics and Forces on a Cyclorotor in Forward
Flight

The coordinate system and the definition of blade pitching kinematics and forces on a cyclorotor in forward
flight is shown in Fig. 4. The azimuthal position of the blade, ψ, is measured counter clockwise from the
positive Y -axis. The blade pitch angle, θ, is measured with respect to the tangent to the circular path of
the blade. The blade pitching kinematics investigated in the present study is shown in Fig. 4. As shown
in the figure, for this pitch schedule, the maximum blade pitch angle occurs at the front (ψ=0◦) and rear
(ψ=180◦) and the blade is at zero pitch angle at the top (ψ=90◦) and bottom (ψ=270◦) positions. A pitch
amplitude of 45◦ (θmax=45◦) is used for the present study. The lift force is defined as the net aerodynamic
force produced by the rotor in the +Z axis direction and the propulsive thrust is the force in the +Y axis
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direction. It is important to note here that the net propulsive thrust accounts for the drag of the rotor also;
so it is net force experienced by the rotor in +Y direction.

Figure 5. Experimental setup: Custom built 3-component balance in the open-jet wind tunnel.

III. Experimental Setup

A detailed experimental study has been conducted in an openjet wind tunnel on an MAV-scale cyclorotor
to understand the effect of flow curvature effects on its aerodynamic performance. The goal of this study
was to test rotors with the same blade pitching kinematics (shown in Fig. 4) but with different chord/radius
ratios and blade pitching axis locations to vary flow curvature effects and thereby understand its impact on
lift, thrust and power of a cyclorotor in forward flight. A detailed explanation of the experimental setup and
the different parameters tested is given below.

One of the key challenges in this study was to develop a precise 3-component balance (shown in Fig. 5)
that would allow for accurate measurements of rotor lift, propulsive thrust and torque. The balance con-
sisted of four vertically mounted load cells to measure lift, three horizontally mounted load cells to measure
propulsive thrust and a torque load cell to measure rotor torque. The balance was systematically calibrated
and the measurements were performed. A Hall-effect sensor was used to generate a 1/rev signal to mea-
sure the rotational speed. The power consumption was determined from the torque and rotational speed
measurements. The cyclorotor (Fig. 1(a)) used in this study had a diameter (D) of 6 inches (0.152 meters)
and blade span (b) of 6.25 inches (0.159 meters). The rotor consisted of 4 blades with NACA0015 airfoil
profile. A pitot-static system was used to determine the airspeed at the test section (22 in x 22 in) of the
open jet wind tunnel. Also, measurements of temperature (T ) and pressure (P ) were recorded during each
experiment and were used to calculate the corresponding values of air density (ρ).

The key parameters varied in this experimental study were the blade chord/radius ratio, blade pitching
axis location, rotational speed (Ω) and wind speed (V∞). A total of six blade chords (0.665, 0.89, 1.33, 1.65,
2, and 2.5 inches) were tested for a constant radius of 3 inches, which corresponds to chord/radius ratios
of 0.22, 0.29, 0.44, 0.55, 0.67, and 0.83, respectively. The chordwise pitching axis locations tested include
12.5%, 25%, 35%, and 50% chord from the leading edge for a constant chord of 2 inches. Furthermore, for
each rotor configuration, the rotational speed was varied from 600 to 1800 rpm in increments of 200 rpm.
Finally, for each of the cases, multiple wind speeds were tested: 3, 5, 7, 9, 11, and 12 m/s. The blade speeds
corresponding to rotational speeds of 600 rpm and 1800 rpm are 4.79 m/s and 14.36 m/s, respectively. All
the studies in the present paper were conducted for the same blade pitching kinematics shown in Fig. 4.
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(a) Blade chord = 2 inches. (b) Blade chord = 0.665 inches.

Figure 6. CFD grid system used for the 3 inch radius 4-bladed cyclorotors with 2 inch and 0.665 inch blade
chords.

IV. 2D CFD Methodology

A 2-D CFD study was also conducted to understand the flow physics of a cyclorotor in the presence of wind
speed. CFD studies were conducted on a 3 inch radius rotor for two different blade chords (2 inch and
0.665 inch) with different pitching axis locations and for various combinations of rotational speeds and wind
speeds. The details of the flow solver and grid system used in the present study are given below.

A. Flow Solver

2-D simulations of the cycloidal rotor were undertaken using a compressible structured overset RANS solver,
OVERTURNS [24]. This overset structured mesh solver uses the diagonal form of the implicit approximate
factorization method developed by Pulliam and Chaussee [25] with a preconditioned dual-time scheme to
solve the compressible RANS equations. Computations are performed in the inertial frame in a time-
accurate manner. A third-order MUSCL scheme [26] with Roe flux difference splitting [27] and Koren’s
limiter [28] is used to compute the inviscid terms, and second-order central differencing is used for the
viscous terms. Due to the relatively low Mach numbers in which the cycloidal rotors operate, the inclusion
of a low Mach preconditioner based on Turkel’s [29] method accelerates the convergence and ensures accuracy
of the solution. Spalart-Allmaras [30] turbulence model is employed for RANS closure. This one-equation
model has the advantages of ease of implementation, computational efficiency and numerical stability.

B. Grid System

An overset system of meshes, consisting of C-type airfoil mesh for each blade and a cylindrical background
mesh, is used for the computation. The airfoil meshes have 255 × 55 grid points in the wraparound and
normal directions, respectively. The background cylindrical mesh has 245× 221 points in the azimuthal and
radial directions, respectively. Implicit hole-cutting method developed by Lee [31] and refined by Lakshmi-
narayan [24] is used to find the connectivity information between the overset meshes. Figures 6(a) and 6(b)
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shows the mesh system used for 2 inch and 0.665 inch blade chord cyclocopter configurations. In these
figures, only the field points (points where the flow equations are solved) are shown. All the points that are
blanked out either receive information from another mesh or lies inside a solid body and therefore, does not
have a valid solution.

(a) Virtual camber and incidence in a curvilinear flow. (b) Schematic explaining virtual camber.

Figure 7. Schematic explaining virtual camber and incidence (flow curvature) effects.

V. Understanding Physics of Cyclorotor in Forward Flight

Before, discussing the results, it is important to discuss the physics behind the lift and thrust production on
a cyclorotor in forward flight with a pitching schedule shown in Fig. 4. Then use the results from the CFD
and experimental studies to validate and further understand this physics.

The phasing of the blade pitching kinematics with respect to the direction of wind velocity has a very
strong impact on the lift and thrust production and the propulsive efficiency of a cyclorotor. Our previous
study [23] has shown that the pitching schedule shown in Fig. 4 can produce large values of lift and thrust
at high forward flight speeds at a relatively higher aerodynamic efficiency. However, the reason behind this
was not clearly understood. Therefore, the present study aims at unraveling the physics behind this large
lift and thrust production for such a cyclorotor configuration.

Looking at this pitch schedule (Fig. 4), it is not difficult to explain the thrust producing capability of
this configuration. However, it is not intuitive how such a configuration can produce a large net lift since
the blades are at zero pitch angle at the top (ψ=90◦) and bottom (ψ=270◦) locations. In order to explain
this phenomenon, it is essential to introduce the virtual camber/incidence effects (flow curvature effects)
experienced by the cyclorotor blades as they move along a circular trajectory.

A. Flow Curvature Effects (Virtual Camber and Incidence Effects)

The virtual camber/incidence effects due to the flow curvature needs to be introduced in order to explain
the lift producing capability of a cyclorotor with such a pitching schedule. Virtual camber/incidence effect
is an aerodynamic phenomenon that would occur when the blades undergo an orbital motion and therefore
experience a curvilinear flow [32]. Blades subjected to a curvilinear flow behave very differently compared to
being immersed in a rectilinear flow (Fig. 7(a)). In a curvilinear flow, the local velocity and angle of attack
of the blade are unique at different locations on the chord. Because of this, a symmetric blade at 0◦ pitch
angle in a curvilinear flow can be viewed to behave like a cambered blade at an angle of incidence (αi) in a
rectilinear flow (Fig. 7(a)). This effect will be more pronounced with cyclorotors having large chord-to-radius
ratio (c/R).

The virtual camber effect is clearly explained using Fig. 7(b) which shows a symmetric airfoil at a pitch
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angle of 0◦ at the bottom-most point of the blade trajectory. Point A is the pitching axis of the blade.
For the sake of explanation, resultant velocity at any location on the blade chord is assumed a function of
the rotational speed only (the induced velocity and the pitch rate effects are ignored). Thus, as shown in
Fig. 7(b), the magnitude and direction of the resultant velocity varies along the chord. The angle of incidence
of the flow at any arbitrary location on the chord, x, is given by αx = tan−1(x/R) (αx ≈ x/R) and the
velocity magnitude is given by ΩR′ where R′ =

√
R2 + x2.

Now this scenario is approximately equivalent to having a cambered airfoil, with the camber line slope
(dy/dx) equal to αx in a rectilinear flow of magnitude ΩR as shown in Fig. 7(a). Figure 8(a) shows the
variation of virtual camber at different azimuthal locations for a symmetric airfoil pivoted at quarter chord.
Because of the large chord/radius ratio of the cyclorotors investigated in the present study, there is significant
virtual camber/incidence effects that would create a positive lift in the entire lower half and negative lift in the
upper half of the blade trajectory. For the present baseline rotor (radius=3 inch, chord=2 inch, c/R=0.67),
with a linear approximation, virtual camber is about 8% of chord and the virtual incidence is about 9◦.
However for some of the rotors that were tested, the chord/radius ratio was as high as 0.83 (radius=3 inch,
chord=2.5 inch) and the effect of c/R on virtual camber and incidence could be extremely nonlinear. Virtual
camber is directly dependent on the chord/radius ratio of the rotor and the virtual incidence depends on
both the chord/radius ratio and the chordwise location of blade pitching axis. Decreasing the distance of
the blade pitching axis location from the leading edge increases virtual incidence for a fixed chord/radius
ratio. For a pitching axis location of 50% chord from the leading edge, the virtual incidence is zero.

B. Effect of Vitual Camber and Incidence on Lift and Thrust in Forward Flight

As shown in Fig. 8(a), the blade has a virtual negative camber and incidence (Cl < 0) while operating in
the upper half and positive camber and incidence (Cl > 0) in the lower half of the blade trajectory. In
the absence of a forward speed, the lift produced in the upper and lower halves would almost be the same
and would cancel each other. However, in the presence of a wind speed, as shown in Fig. 8(b), the upper
half (ψ=0◦ – 180◦) is the retreating side of the rotor since the blade is moving in the same direction as
the wind and therefore, the effect of wind speed is to reduce the net tangential velocity experienced by the
blade. The effective velocity at the top most point of the blade is (ΩR − V∞). Therefore, in the upper half
of the trajectory the blades produce a downward lift force much smaller relative to the lower half. This is
because, the lower half (ψ=180◦ – 360◦) of the rotor is the advancing side and the wind speed increases the
net tangential velocity experienced by the blade (velocity at the bottom most point is ΩR+ V∞). Since the
lift is proportional to the square of velocity, in the lower half, the blades produce an upward lift force much
larger than the downward force produced in the upper half (Fig. 8(b)). Therefore, even though both the
upper and lower halves are operating at the same lift coefficients, the fact that the effective velocity at the
lower half is much higher than the upper half creates a net lift in the upward direction. This means that
increasing chord/radius ratio and shifting the blade pitching axis closer to the leading edge (since this would
increase both virtual camber and incidence effects) would increase lift for a fixed rotational speed and wind
speed. Also, the direction of rotation of the rotor (retreating side should be the top and advancing side
should be the bottom) is critical to the direction of the lift produced by the cyclorotor. If rotor spins in the
direction opposite to the one shown in Fig. 8(b), it would produce a downward lift force. Therefore, even
though the sense of rotation is not important in hover, it becomes extremely important in forward flight.

The flow curvature effects would also affect the thrust producing capability of the cyclorotor. For the
pitching kinematics shown in Fig. 4, it would be intiutive to assume that most of the force in the thrust
direction is produced when the blades operate around the front (ψ=0◦) and rear (ψ=180◦) positions of the
circular trajectory. This is because, those are the locations when the blades attain the maximum geometric
angle of attack and the blade lift force is directed mostly in the thrust direction. However, it is important
to take a closer look at these locations by including the virtual camber and incidence effects to clearly
understand the role of flow curvature effects on thrust production. Schematic in Fig. 8(c) shows the effect
of flow curvature on thrust production. It can be clearly seen that at ψ=0◦ the blade is operating at a large
negative camber which could cause the blade to stall, significantly reducing the thrust producing capability of
the blade or even produce a negative thrust in the frontal section of the rotor depending on the advance ratio
(advance ratio, µ=V∞/ΩR). However at ψ=180◦, the blade operates at a large positive camber, which could
significantly increase the lift produced by the blade. Therefore, most of rotor thrust should be produced
when the blade operates in the rear half of the rotor (ψ=90◦ – 270◦). Figure 8(d) shows the lift and thrust
producing regions of the cyclorotor.
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(a) Virtual camber and incidence at different
azimuthal locations.

(b) Physics behind lift production on a cyclorotor.

(c) Physics behind thrust production on a cyclorotor.

(d) Lift and thrust producing regions of the
blade trajectory.

Figure 8. Schematics showing the virtual camber and the physics behind the lift and thrust production on a
cyclorotor in forward flight with pitching kinematics shown in Fig. 4.
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The flow curvature effects could also have a strong effect on the aerodynamic power of the cyclorotor
because of two reasons: (1) the virtual camber and incidence effects vary the lift and thrust produced by
the rotor, hence should have a strong impact on the rotor induced power, and (2) varying virtual camber
could vary the zero-lift drag coefficient (Cdmin) of the airfoil and virtual incidence could change the effective
geometric angle of attack of the airfoil and therefore, these effects could vary the blade profile drag and
hence the rotor profile power. The effect of flow curvature effects on cyclorotor power would be examined in
more detail using CFD and experimental results. It would be shown that the flow curvature effects play a
key role in the lift and thrust producing efficiency (lift/power and thrust/power) of a cyclorotor in forward
flight.
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(a) Lift validation for different rotational speeds.
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(b) Thrust validation for different rotational speeds.

Figure 9. Validation of 2D CFD results with the experimental data obtained for a 4-bladed cyclorotor with 3
inch radius and 0.665 inch blade chord and 50% pitching axis location operating at a wind speed of 3 m/s.

C. Validating Lift and Thrust Production Hypothesis Using CFD and Experimental Results

The next step was to use the results from the 2-D CFD study to validate this hypothesis of lift and thrust
production and also to examine the effect of flow curvature effects on aerodynamic power of a cyclorotor
in forward flight. The flow solver and the grid system used in the present study are explained in the
previous section. All the simulations are carried out with a an eighth of a degree time step size and each
iteration uses 20 Newton sub-iterations to remove linearization errors. The first step was to validate the 2D
CFD results with the experimental results obtained from the present study. Figure 9 compares the CFD
and experimental results for a 4-bladed cyclorotor with 3 inch radius and 0.665 inch blade chord and 50%
pitching axis location operating at a wind speed of 3 m/s for a range of rotational speeds. The predicted
thrust correlated extremely well with test data for all the rotational speeds (Fig. 9(b)); however, the lift
was overpredicted at lower rotational speeds (Fig. 9(a)). This could be because of the following reasons:
(1) the CFD simulation is only 2D and is compared with a full 3D experiment, and (2) the simulation was
done without any transition model and this normally delays the advent of stall. However, since the CFD
simulation is able to predict the overall trend in lift fairly well, it could be justified to use this simulation to
understand the physics of cyclorotor in forward flight.

Figures 10, 11 and 12, show the CFD predicted instantaneous lift, thrust, and power, respectively, for
one blade on a 4 bladed cyclorotor with 3 inch radius and a blade chord of 2 inches pitched at 25% chordwise
location operating at two different flight conditions: (1) 1600 rpm and wind speed of 5 m/s, and (2) 800
rpm and wind speed of 5 m/s. The pressure contours (CP ) obtained from the CFD analysis for the same
rotor operating at a rotational speed of 1600 rpm and wind speed of 5 m/s are respectively shown in Figs. 13
and 14.
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Figure 10. Azimuthal variation of lift (force in rotor lift direction) predicted by 2-D CFD for one blade one a
4-bladed cyclorotor at different rotational speeds and wind speeds for a 3 inch radius rotor with 2 inch blade
chord pitching at 25% chordwise location.

As explained before, Fig. 10 shows the azimuthal variation of the component of aerodynamic force
produced by one blade in the rotor lift direction on a 4-bladed cyclorotor. It can be seen that, for both
advance ratios (µ=0.39, µ=0.78), the blade produces a smaller negative lift (downward force) in the upper
half (ψ=0◦ – 180◦), and a large positive lift in the lower half (ψ=180◦ – 360◦), and thereby producing a
net lift in upward direction, clearly validating our hypothesis for lift production discussed in the previous
section. Now, the lift difference between the upper and lower halves will increase with advance ratio because
at a higher advance ratio, the blade will be experiencing much smaller velocities in the upper half compared
to the lower half. At an advance ratio of 1, the velocity at the top most point of the trajectory should be
zero. Because of this, the ratio of maximum upward lift in the lower half to the maximum downward lift
in the upper half (or the lift difference between the lower and upper halves) should increase with advance
ratio. This is exactly what is seen from the lift variation in Fig. 10. For the advance ratio (µ) of 0.78 (800
rpm, 5 m/s), the negative lift in the upper half is much smaller compared to the positive lift in the lower
half. However, the lift difference between upper and lower halves is relatively smaller for the 0.39 advance
ratio case.

To understand the physics further, it is important to look at the pressure contours shown in Figs. 13
and 14. Figure. 13 shows the pressure distribution on the blades at four key azimuthal locations, ψ=0◦,
90◦, 180◦, and 270◦. It is important to examine the blade pressure distribution at ψ=90◦ and ψ=270◦,
to understand the physics behind lift production. It can be seen that there is a large low pressure region
(denoted in blue) on top of the airfoil at ψ=270◦ (bottom most point), which would produce a large upward
lift force. However, at ψ=90◦ (top most point), there is very small low pressure region below the airfoil
producing a small downward force. The same conclusion could be drawn from Figs. 14(a), 14(b), 14(c),
and 14(d), which show the pressure distribution on the blades at different azimuthal locations. Large regions
of low pressure could be seen on top of the blades as they move along the lower half of the trajectory and
small low pressure regions at the lower surface of the blades in the upper half. These results clearly explain
the reason behind the lift production on a cyclorotor with this kind of blade pitching schedule.

Figure 11 shows the azimuthal variation of the component of aerodynamic force produced by one blade
in the rotor thrust direction on the same 4-bladed cyclorotor. It can be seen that, for both advance ratios
(µ=0.39, µ=0.78), the blade produces a small negative thrust or drag in the entire frontal half (ψ=270◦ –
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Figure 11. Azimuthal variation of thrust (force in rotor thrust direction) predicted by 2-D CFD for one blade
one a 4-bladed cyclorotor at different rotational speeds and wind speeds for a 3 inch radius rotor with 2 inch
blade chord pitching at 25% chordwise location.
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Figure 12. Azimuthal variation of power predicted by 2-D CFD for one blade one a 4-bladed cyclorotor at
different rotational speeds and wind speeds for a 3 inch radius rotor with 2 inch blade chord pitching at 25%
chordwise location.
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90◦), and a large positive thrust in the entire rear half (ψ=90◦ – 270◦) of the rotor, and thereby producing
a net positive thrust in forward direction. As explained before (Fig. 8(c)), the blade operates at a negative
camber in the entire frontal half, which along with the large aerodynamic angles of attack experienced by
the blades (depending on the advance ratio), could cause the blade to stall in the frontal half producing
negative thrust or drag. Since the frontal half of the rotor is producing negative thrust (and also negative
power), it is extracting energy from the flow which would slow down the flow as it passes through the frontal
half and therefore, the rear half could be operating at a lower wind speed. The lower wind speed would
increase the effective aerodynamic angle seen by the blades in the rear half, which along with the fact that
blades operate with a large positive induced camber and incidence (Fig. 8(c)) in the rear half, would cause
the blade to produce a large positive lift contributing to the net thrust of the cyclorotor.

Figure 13. CFD predicted instantaneous flow field for a 4-bladed cyclorotor with 2 inch blade chord, 3 inch
radius, and pitching axis at 25% location operating at 1600 rpm at a wind speed of 5 m/s.

As before, it is important to look at the pressure distribution on the blades at different azimuthal locations
to further understand the physics of thrust production. Examining the blade pressure distribution at ψ=0◦

and ψ=180◦ in Fig. 13, it can be seen that there is a large low pressure region on top of the blade at ψ=180◦,
which would produce a large blade lift in the positive thrust direction. However at ψ=0◦, there is a uniform
pressure distribution on the blade and therefore would produce no thrust. This is consistent with what was
seen in Figure 11, where the blade was producing close to zero thrust at ψ=0◦ and a large positive thrust at
ψ=180◦. Now, examining Figs. 14(a), 14(b), 14(c), and 14(d), it can be seen that when the blade operates
in the rear half, there is a large region of low pressure on top of the blade which would produce a large
force component in the positive thrust direction. However, in the frontal half (especially in the frontal top
quarter, ψ=0◦ – 90◦), the blades have a small low pressure region in the lower surface producing a force
in the negative thrust direction. Therefore, in the present case, the entire positive thrust of the cyclorotor
comes from the rear half (ψ=90◦ – 270◦). This is the physics behind the thrust production on a cyclorotor.

Figure 12 shows the azimuthal variation of the CFD predicted aerodynamic power due to one blade on
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(a) (b)

(c) (d)

Figure 14. CFD predicted flow field corresponding to different azimuthal locations of the blades for a 4-bladed
cyclorotor with 2 inch blade chord, 3 inch radius, and pitching axis at 25% location operating at 1600 rpm at
a wind speed of 5 m/s.
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(a) (b)

(c) (d)

Figure 15. CFD predicted flow field corresponding to different azimuthal locations of the blades for a 4-bladed
cyclorotor with 0.665 inch blade chord, 3 inch radius, and pitching axis at 50% location operating at 1600 rpm
at a wind speed of 12 m/s.

16 of 30

American Institute of Aeronautics and Astronautics



2 4 6 8 10 12
0.5

1

1.5

2

2.5

3

3.5

Wind speed (m/s)

Li
ft 

(N
)

 

 

1800 rpm
1600 rpm
1400 rpm
1200 rpm

(a) Lift

2 4 6 8 10 12
−1

−0.5

0

0.5

1

1.5

2

2.5

Wind speed (m/s)

T
hr

us
t (

N
)

 

 

1800 rpm
1600 rpm
1400 rpm
1200 rpm

(b) Thrust

Figure 16. Variation of lift and thrust with wind speed at constant rotational speeds for a rotor with 2 inch
chord and pitching axis at 25% chordwise location.

the same 4-bladed cyclorotor. For both advance ratios (µ=0.39, µ=0.78), the blade extracts power from the
flow (negative power) in the frontal half (ψ=270◦ – 90◦), and adds energy into the flow (positive power) in
the rear half (ψ=90◦ – 270◦) of the rotor, and thereby consuming a net positive power. Comparing Figs. 11
and 12, it is interesting to see that power follows the same trend as thrust. When the blade is producing
positive thrust, the power is positive and when the thrust is negative, the power is negative or the rotor
extracts energy from the flow. This is not surprising because when the blade produces positive thrust, it has
to add energy into the flow and vice versa.

CFD studies were also conducted for a 4-bladed 3 inch radius rotor with a blade chord of 0.665 inches
so that blade chord by radius ratio (c/R=0.22) is much smaller than the 2 inch blade chord case. The
goal of this study was to demonstrate that all these effects discussed in this section depends on the flow
curvature effects and therefore, become less prominent as the chord/radius ratio is decreased. Figure 15
shows the blade pressure distribution at different azimuthal locations for 0.665 inch blade with 50% pitching
axis location operating at a rotational speed of 1600 rpm and wind speed of 12 m/s. From the blade pressure
distributions at different azimuthal locations, it can be clearly seen that the same physics holds true even
for a smaller chord/radius ratio and 50% chordwise location (zero virtual incidence), but as expected, the
effects of flow curvature are much less prominent compared to the 2 inch blade chord.

The hypothesis on lift and thrust production could also be validated using time-averaged lift and thrust
measurements from the wind tunnel studies. Figures 16(a) and 16(b) show the variation of lift and thrust,
respectively, with forward speed at constant rotational speeds for a 2 inch chord blades pitched at 25%
chord. It can be seen that the lift steadily increases with wind speed for a constant rotational speed, which
is consistent with the explanation given above, because increasing the wind speed would reduce the downward
lift in the upper half and increases the upward lift in the lower half, and hence the net lift increases. On
the other hand, thrust drops monotonically with wind speed because the wind velocity reduces the angle of
attack seen by the blades in the front and rear sections of the circular blade trajectory. Figure 17, shows the
variation of time-averaged power with forward speeds for the same rotor. As explained before, the power
follows the same trend as thrust.

VI. Experimental Results

The results discussed in the previous section clearly show the importance of flow curvature effects (virtual
camber and incidence) on the forward flight performance of the cyclorotor. Therefore, a detailed experimental
study has been conducted by varying chord/radius ratio and blade pitching axis location. As explained
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Figure 17. Variation of power with wind speed at constant rotational speeds for a rotor with 2 inch chord and
pitching axis at 25% chordwise location.

before, these two parameters have a very strong impact on the flow curvature effects. All these studies were
conducted for the same blade kinematics described in Fig. 4. Also, all the lift, thrust and power results
presented in this section are time averaged.

A. Effect of Chord/Radius Ratio

The chord/radius ratio of the cyclorotor has a direct impact on the virtual camber experienced by the blade
independent of the pitching axis location. However, the effect of chord/radius on virtual incidence depends
on the pitching axis location. For example, if the blade is pitched about the 50% chord location, the virtual
incidence is zero, independent of the chord/radius ratio. However, it should be noted that, for the same
pitching axis location, increasing the chord/radius ratio, would increase the virtual incidence. A total of six
blade chords (0.665, 0.89, 1.33, 1.65, 2, and 2.5 inches) were tested for a constant radius of 3 inches, which
corresponds to chord/radius ratios of 0.22, 0.29, 0.44, 0.55, 0.67, and 0.83, respectively. All these studies
were conducted for a fixed pitching axis location of 25% chord from the leading edge.

Since, the lift, thrust and power of a rotor would increase with blade chord for the same rotational speed
and wind speed because of the increase in blade area, it is important to normalize these forces with the rotor
solidity (σ). Solidity is the ratio of total blade area to the blade swept area (σ = Nbc/2πR, where Nb is the
number of blades, c is the blade chord and R is the rotor radius). This normalization is important because
it removes the effect of blade area and highlights the effects of virtual camber and incidence on performance
with varying blade chord for a fixed radius (varying chord/radius ratio). Therefore, in most of the results,
lift, thrust and power per unit solidity (Lift/σ, Thrust/σ and Power/σ) will be compared as a function of
chord/radius ratio (c/R) of the rotor.

Figures 18(a) and 18(b) show the variation of lift per solidity as a function of chord/radius ratio for
constant rotational speeds at wind speeds of 5 and 9 m/s, respectively. It can be seen that, overall lift/solidity
increases with chord/radius ratio at all the rotational speeds for both the wind speeds tested. As shown
before, this was exactly what was seen in the CFD studies where two rotors with low (c/R=0.22) and high
(c/R=0.67) chord/radius ratios were investigated. This is because of the fact that the lift production depends
on the virtual camber and incidence effects and both these effects increase with chord/radius ratio for a fixed
pitching axis location. Therefore, if the goal is to maximize lift per unit blade area, it is important to operate
at a high chord/radius ratio. Another interesting observation from these results is that the rate of increase
in lift with chord/radius ratio was slightly higher for the 9 m/s case compared to 5 m/s.

Figures 19(a) and 19(b) show the variation of thrust per solidity as a function of chord/radius ratio for
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Figure 18. Variation of lift/solidity with chord/radius ratio at constant rotational speeds and a wind speed of
5 and 9 m/s and pitching axis at 25% chordwise location.
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Figure 19. Variation of thrust/solidity with chord/radius ratio at constant rotational speeds and a wind speed
of 5 and 9 m/s and pitching axis at 25% chordwise location.

19 of 30

American Institute of Aeronautics and Astronautics



0.2 0.4 0.6 0.8 1
0

20

40

60

80

100

120

Chord/radius

P
ow

er
/σ

 (
W

)

 

 

1800 rpm
1600 rpm
1400 rpm
1200 rpm
1000 rpm

(a) Wind speed = 5 m/s

0.2 0.4 0.6 0.8 1
0

20

40

60

80

100

120

Chord/radius

P
ow

er
/σ

 (
W

)

 

 

1800 rpm
1600 rpm
1400 rpm

(b) Wind speed = 9 m/s

Figure 20. Variation of power/solidity with chord/radius ratio at constant rotational speeds and a wind speed
of 5 and 9 m/s and pitching axis at 25% chordwise location.

constant rotational speeds at wind speeds of 5 and 9 m/s, respectively. It is interesting to see that, for both
the wind speeds, the thrust/solidity drops drastically from a c/R of 0.22 to 0.29 and then stays constant up
to a c/R of 0.67 and then drops drastically again for higher chord/radius ratio. This clearly shows that the
thrust production capability of the blades per unit area drops with increase in chord/radius ratio in a highly
nonlinear fashion.

Figures 20(a) and 20(b) show the variation of power per solidity as a function of chord/radius ratio for
constant rotational speeds at wind speeds of 5 and 9 m/s, respectively. It should be noted that for all the
rotational speeds and for both the wind speeds, the power per unit solidity decreases with chord/radius ratio
until a critical c/R of 0.44 and then increases. Even though this is interesting, it would be more useful to
compare the lift and thrust producing efficiency of the cyclorotors with different chord/radius ratios at fixed
values of lift and thrust, respectively.

Figures 21(a) and 21(b) show the variation of lift per unit power as a function of lift for cyclorotors with
different chord/radius ratios at wind speeds of 5 and 9 m/s, respectively. In this case, for each chord/radius
ratio, the lift was varied by changing the rotational speed. For both the wind speeds, the lift produced per
unit power increased with chord/radius ratio until a c/R of 0.67. However, from c/R of 0.67 to 0.83, the lift
per unit power stayed about the same. Also, for a fixed chord/radius ratio, the lift/power decreased with lift.
This is because of the fact that the lift was increased by increasing rotational speed (rpm) and lift and power
varies as the square and cube of rpm, respectively. Also, comparing lift/power for the same chord/radius
ratio at wind speeds of 5 and 9 m/s, it could be seen that the lift per unit power of the cyclorotor increased
from 5 to 9 m/s.

Figures 22(a) and 22(b) shows the variation of thrust per unit power as a function of thrust for cyclorotors
with different chord/radius ratios at wind speeds of 5 and 9 m/s, respectively. Similar to the case of lift, the
thrust per unit power increases with chord/radius ratio, however, unlike lift, the optimal chord/radius ratio
in this case depends on the forward speed. For the 5 m/s wind speed case (Fig. 22(a)), the thrust per unit
power for a constant value of thrust increases with chord/radius ratio till a c/R of 0.67, but drops drastically
as the c/R was increased to 0.83. However, for the 9 m/s wind speed case (Fig. 22(b)), the thrust/power
increases until a c/R of 0.55 and then drops significantly for a c/R of 0.67. In fact, the thrust/power for
the 0.83 c/R case was even below the c/R=0.29 case. As shown through CFD studies before, the decrease
in thrust producing efficiency of the rotor at higher chord/radius ratios and higher speeds is because of the
large drag or negative thrust produced by the blades in the frontal section of the rotor (ψ=270◦ – 90◦),
which would increase with blade chord. Also, comparing thrust/power for the same chord/radius ratio at
wind speeds of 5 and 9 m/s, it could be seen that the thrust producing efficiency of the cyclorotor decreases
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Figure 21. Variation of lift per unit power with lift for cyclorotors with different chord/radius ratios at wind
speeds of 5 and 9 m/s and pitching axis at 25% chordwise location.
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Figure 22. Variation of thrust per unit power with thrust for cyclorotors with different chord/radius ratios at
wind speeds of 5 and 9 m/s and pitching axis at 25% chordwise location.
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Figure 23. Variation of lift per unit power with lift at constant thrust for cyclorotors with different chord/radius
ratios and pitching axis at 25% chordwise location.
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Figure 24. Variation of thrust per unit power with thrust at constant lift for cyclorotors with different
chord/radius ratios and pitching axis at 25% chordwise location.
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Figure 25. Variation of lift per unit power with lift at constant values of thrust for cyclorotors with chord/radius
ratios of 0.29 and 0.43 and pitching axis at 25% chordwise location.

0 0.5 1 1.5
0.02

0.03

0.04

0.05

0.06

0.07

Thrust (N)

T
hr

us
t/P

ow
er

 (
N

/W
)

 

 

L=0.2N
L=0.3N
L=0.4N
L=0.5N
L=0.6N
L=0.7N

9m/s

7m/s

3m/s

3m/s

7m/s

9m/s

Lift

(a) Chord/radius = 0.29

0 0.5 1 1.5
0.04

0.05

0.06

0.07

0.08

Thrust (N)

T
hr

us
t/P

ow
er

 (
N

/W
)

 

 

L=0.4N
L=0.5N
L=0.6N
L=0.7N

Lift

7m/s

7m/s

9m/s

3m/s

9m/s

3m/s

(b) Chord/radius = 0.43

Figure 26. Variation of thrust per unit power with thrust at constant values of lift for cyclorotors with
chord/radius ratios of 0.29 and 0.43 and pitching axis at 25% chordwise location.
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with forward speed, unlike lift.
The next step was to compare the lift producing efficiency of the rotor with forward speed at a constant

value of thrust. Figures 23(a) and 23(b) show the variation of lift per unit power as a function of lift for
cyclorotors with different chord/radius ratios at constant thrust values of 0.3 and 0.4 N, respectively. This
is also a reflection of how lift/power would change with wind speed because for each chord/radius ratio, the
lift was increased by increasing the wind speed as shown in these figures. Therefore, for each chord/radius
ratio shown in these figures, the three points correspond to wind speeds of 3, 7, and 9 m/s, respectively. The
thrust was maintained constant for different winds speeds and chord/radius ratios by varying the rotational
speed. It can be seen that for a constant thrust, the lift per unit power of the rotor increases linearly with
lift. Because the lift was increased by increasing wind speed, the lift per unit power also increases with wind
speed. Also, for a constant lift, the lift/power increased with c/R from 0.29 to 0.43 but dropped for 0.67, at
least at higher lift values. Also, the rate of increase of lift/power with wind speed was almost the same for
c/R of 0.29 and 0.43, however, significantly dropped for a c/R of 0.67.

This section will examine the thrust producing efficiency of the rotor with forward speed for constant
values of lift. Figures 24(a) and 24(b) show the variation of thrust per unit power as a function of thrust for
cyclorotors with different chord/radius ratios at constant lift values of 0.6 and 0.7 N, respectively. Again,
this shows how thrust/power would change with wind speed because the thrust was increased by decreasing
the wind speed as shown in these figures. The lift was maintained constant for different winds speeds and
chord/radius ratios by varying the rotational speed. It can be seen that for a constant lift, the thrust per unit
power of the rotor increases linearly with thrust and since the thrust was increased by decreasing wind speed,
the thrust producing efficiency of the rotor increases with decreasing wind speed. The rate of decrease of
thrust/power with wind speed was almost the same for c/Rs of 0.29 and 0.43, however, significantly increased
for a c/R of 0.67.

Figures 25(a) and 25(b) show the variation of lift per unit power as a function of lift at different values of
constant thrust for cyclorotors with chord/radius ratios of 0.29 and 0.43, respectively. Same as the previous
case, for each value of thrust, the lift was increased by increasing the wind speed, therefore, the variation of
lift/power with lift is analogous to the variation with wind speed. It is interesting to see that, for both the
chord/radius ratios, the rate of increase of lift/power with lift (or wind speed in this case) steadily decreases
with increasing values of thrust.

Figures 26(a) and 26(b) show the variation of thrust per unit power as a function of thrust at differ-
ent constant values of lift for cyclorotors with chord/radius ratios of 0.29 and 0.43, respectively. Again,
for each value of lift, the thrust was increased by decreasing the wind speed, therefore, the variation of
thrust/power with thrust is analogous to the variation with wind speed. It is interesting to see that, for
both the chord/radius ratios, the rate of decrease of thrust/power with wind speed steadily decreases with
increasing values of lift.

B. Effect of Blade Chordwise Pitching Axis Location

The previous section clearly showed the effect of both virtual camber and incidence on the forward flight
performance of the cyclorotor, because changing the chord/radius ratio with pitching axis location at 25%
chord changes both camber and incidence. The goal of this section is to investigate the effect of changing
virtual incidence for a fixed virtual camber. Therefore, experimental studies were conducted on a rotor with
2 inch chord and 3 inch radius (c/R=0.67) for pitching axis locations of 12.5%, 25%, 35%, and 50% because
changing the pitching axis location changes purely virtual incidence without changing the camber.

Figures 27(a) and 27(b) show the variation of lift with pitching axis location at different wind speeds
(3, 7 and 12 m/s) for rotational speeds of 1600 and 1200, respectively. As shown in these figures, for a
constant rotational speed and wind speed, the lift decreases almost linearly with distance of the pitching
axis location from the leading edge. This is because of the fact that the virtual incidence decreases with
increasing distance of pitching axis from the leading edge and it is zero for the 50% pitching axis location.
For the 1600 rpm case, the advance ratios corresponding to wind speeds of 3, 7, and 12 m/s are 0.23, 0.55,
and 0.94, respectively. The advance ratios corresponding to the same wind speeds for the 1200 rpm case are
0.31, 0.73, and 1.25. It is interesting to note that, for a constant rotational speed, the rate of decrease in
lift with pitching axis location, increases with increasing advance ratio. This is because of the fact that at a
higher advance ratio, there is more contribution to lift from forward speed than the rotational speed, which
means there is more difference between the lift produced by the upper and lower halves and hence the net
lift would be more sensitive to virtual incidence. From a cyclorotor design perspective, this clearly shows
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that, it is important to pitch the blades close to the leading edge (higher virtual incidence) to maximize lift
production for a constant rpm and wind speed.
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Figure 27. Variation of lift with pitching axis location at constant wind speeds for a rotor with a chord/radius
ratio of 0.67 at rotational speeds of 1600 and 1200 rpms.

Figure 28 shows the variation of thrust with pitching axis location for different advance ratios. As shown
in the figure, the rate of decrease in thrust with distance of pitching axis location from the leading edge
decreases with advance ratio and at higher advance ratios the thrust actually increases as the pitching axis
is moved away from the trailing edge (decreasing virtual incidence). This is interesting because this shows
that the role of virtual incidence is not always to increase thrust. At lower advance ratios (µ=0.23 – 0.31),
the thrust decreases as the pitching axis location is moved towards the trailing edge (decreasing virtual
incidence). At moderate advance ratios (µ=0.55 – 0.73), the thrust stays relatively constant with changing
virtual incidence. At higher advance ratios (µ=0.94 – 1.25), the thrust increases with decreasing virtual
incidence, with the rate of increase in thrust increasing with advance ratio. Therefore, if the goal is to
maximize thrust, choice of the pitching axis location would depend on the operating advance ratio.

Figures 29(a) and 29(b) show the variation of power with pitching axis location at different wind speeds
(3, 7 and 12 m/s) for rotational speeds of 1600 and 1200 rpm, respectively. As shown in Fig. 29(a), at lower
advance ratios (µ=0.23 and 0.55), the power drops with pitching axis location (decreasing virtual incidence)
in a parabolic fashion, with the rate of decrease in power, reducing as the pitching axis was moved farther
from the leading edge. For the advance ratio of 0.94, power decreases with decreasing virtual incidence in
the same fashion until a pitching axis location of 35% and then increases when the pitching axis was moved
to 50% location. For the 1200 rpm case (Fig. 29(b)), the power decreased with pitching axis location until
50% chordwise location in the same parabolic fashion for the 0.31 advance ratio case. However, for advance
ratio = 0.73, the power dropped with pitching axis location until 35% and then slightly increased for the 50%
case. For an advance ratio of 1.25, the power dropped from 12.5% pitching axis location to 25% location,
and then steadily increased from 25% to 50%. These trends clearly show that the optimum pitching axis
location for minimum power moves closer to the leading edge with increasing advance ratio.

Figures 30(a) and 30(b) show the variation of lift per unit power as a function of lift for cyclorotors with
different chordwise pitching axis locations at wind speeds of 3 and 7 m/s, respectively. It is interesting to
see that at 3 m/s wind speed (Fig. 30(a)), all the pitching axis locations had very similar lift per unit power
except for the 50% pitching axis location, which had a very low lift producing efficiency. However, for the
7 m/s case (Fig. 30(b)), both 12.5% and 25% pitching axis locations have very similar lift per unit power,
however, it decreases as the pitching axis is moved to 35% location and the 50% pitching axis location had
a very low lift/power.

Figures 31(a) and 31(b) show the variation of thrust per unit power as a function of thrust for cyclorotors
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Figure 28. Variation of thrust with pitching axis location for a range of advance ratios for a rotor with a
chord/radius ratio of 0.67.
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Figure 29. Variation of power with pitching axis location at constant wind speeds for a rotor with a chord/radius
ratio of 0.67 at rotational speeds of 1600 and 1200 rpms.
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Figure 30. Variation of lift/power with lift for a rotor with a chord/radius ratio of 0.67 for constant wind
speeds of 3 and 7 m/s.
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Figure 31. Variation of thrust/power with thrust for a rotor with a chord/radius ratio of 0.67 for constant
wind speeds of 3 and 7 m/s.
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with different chordwise pitching axis locations at wind speeds of 3 and 7 m/s, respectively. The trends are
completely different in this case when compared to lift. As shown in Fig. 31(a), for the 3 m/s wind speed
case, the 12.5% pitching axis location has the least thrust per unit power. From 12.5% to 25%, there is a
large improvement in thrust/power which stays the same as the pitching axis was moved to 35% location.
However, from 35% to 50% chordwise location, the thrust producing efficiency of the cyclorotor drops. For
the 7 m/s case (Fig. 31(b)), the thrust per unit power increases continuously from 12.5% to 50% chordwise
locations. These results clearly show that the pitching axis location has a very strong impact on the lift and
thrust producing efficiency of the cyclorotor.

VII. SUMMARY AND CONCLUSIONS

The present study focuses on utilizing a combined experimental and computational (2-D CFD) approach
to obtain a fundamental understanding of the physics behind the lift and thrust production of a cyclorotor
for a unique blade pitching kinematics (shown in Fig. 4), which has been identified to be an efficient rotor
configuration for high speed forward flight based on our previous study. The present research has identified
the flow curvature effect (virtual camber and incidence due to the curvilinear flow) as the key factor affecting
the lift, thrust and power of this cyclorotor configuration in forward flight. Since the flow curvature effects
are strongly dependent on the rotor chord/radius ratio and pitching axis location, a systematic experimental
study has been conducted in an open-jet wind tunnel by varying these two parameters to understand their
impact on lift, thrust and power for a specific blade pitching schedule. The following are specific conclusions
drawn from this study:

1. The reason for the net positive lift on a cyclorotor configuration with the present pitch kinematics
is because of flow curvature effects and the differences in aerodynamic velocity experienced by the
blade in upper (retreating side) and lower (advancing side) halves of the circular trajectory. The flow
curvature effects would cause the blade to have a negative camber and incidence in the upper half
and positive camber and incidence in the lower half, which along with the fact that blade experiences
a lower tangential velocity in upper half (producing a small downward lift force) and higher velocity
in lower half (producing a large upward lift force) would cause a net lift in upward direction. This
hypothesis was validated independently using 2-D CFD studies and experimental measurements. The
CFD studies showed a large low pressure region on upper surface of the blade in the lower half (denoting
a large upward lift) and small low pressure region on the lower surface of the blade in the upper half
(denoting a small downward lift).

2. Experimental studies clearly showed that increasing the chord/radius ratio (increases virtual camber
and incidence) and pitching the blade closer to the leading edge (increases virtual incidence) would
increase lift per unit blade area in a linear fashion for a fixed rotational speed and wind speed. The
direction of rotation of the rotor becomes extremely important in forward flight. In order to produce
an upward lift it is important for the cyclorotor to have a backspin with respect to the forward speed.
A forward spin would produce the same lift force in downward direction.

3. As far as the thrust production is concerned, opposite to what would be expected, the blades produce
small negative thrust in the entire frontal half and large positive thrust in the rear half of the circular
blade trajectory. This is because of the large reverse camber experienced by the blade in the frontal half
of the rotor due to the flow curvature effects, which along with large angles of attack experienced by the
blades could cause the blades to stall. Now, the negative thrust produced in the frontal half means the
blade is extracting energy from flow and therefore, would slow down the flow as it passes through the
frontal half which would decrease the wind velocity experienced in the rear half and therefore, increases
the effective angle of attack seen in the rear half; this along with the fact that blades operate with a
large positive induced camber and incidence in the rear half would cause the blade to produce a large
lift in the positive thrust direction. This could be clearly seen from the blade pressure distributions
obtained from the CFD study for different azimuthal locations. It was interesting to see that, for all
the different cases studied, the azimuthal variation of blade power always followed the same trend as
thrust.

4. Based on the experimental studies, the thrust per unit blade area, dropped gradually with chord/radius
ratio in a highly nonlinear fashion. However, virtual incidence or location of blade pitching axis had a
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very interesting effect on the thrust production. At lower advance ratios (µ=0.23 – 0.31), the thrust
decreased as the pitching axis location is moved towards the trailing edge (decreasing virtual incidence)
in a very linear fashion. At moderate advance ratios (µ=0.55 – 0.73), the thrust stays relatively constant
with changing virtual incidence. At higher advance ratios (µ=0.94 – 1.25), the thrust increased with
decreasing virtual incidence, with the rate of increase in thrust increasing with advance ratio.

5. It is important to note that for a wide range of wind speeds and rotational speeds, the power per unit
blade area decreased with chord/radius until a c/R=0.44 and then increased, in a parabolic fashion.
However, the optimal pitching axis location for least power was a function of operating advance ratio.
With increasing advance ratio, the optimum pitching axis location kept shifting towards the leading
edge.

6. For all the different flight conditions tested, the lift producing efficiency (lift per unit power) of the
rotor for a fixed lift increased with chord/radius ratio until a c/R of 0.67. However, it stayed almost
the same as the chord/radius was increased to 0.83. At lower wind speeds, the pitching axis location
did not make a large impact on lift per unit power until the pitching axis was moved to 50% location,
in which case it dropped drastically. However, at higher wind speeds, moving the pitching axis closer
to the leading edge increased the lift per unit power of the rotor.

7. Optimum chord/radius ratio for maximum thrust per unit power was a function of forward speed. The
optimum chord/radius ratio was 0.67 for 5 m/s and 0.55 for 9 m/s clearly showing that the optimum
c/R would decrease with forward speed. The thrust producing efficiency also varied significantly with
pitching axis location, with optimum pitching axis location depending on the wind speed.

8. A general conclusion from the study was that the lift producing efficiency (lift per unit power) of the
rotor (for a constant thrust) increases with forward speed and the thrust producing efficiency of the
rotor (for a constant lift) decreases with forward speed.

9. The present study clearly shows that the hover thrust vector or the hover pitching kinematics could
be rotated by 90◦ and still have the blades produce enough force in the lift direction to balance the
weight of the vehicle at high forward flight speeds without having any additional lifting surfaces.
Therefore, this could potentially be the blade pitching schedule for efficient high speed forward flight
of a cyclocopter. Also, this study disproves the conventional argument that a cyclorotor needs two
completely different pitching schedules for efficient hover and forward flight because it is clearly shown
that a simple phase shifting of the hover kinematics could result in an efficient forward flight kinematics
provided the cyclorotor has a high chord/radius ratio.
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