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Abstract

A cycloidal rotor is characterized by an airfoil span parallel to the axis of rotation.
A tensile cycloidal rotor places the airfoils under tensile forces only, thereby
attempting to utilize the inertial forces on the rotor to minimize airfoil deflection and
overall weight. A prototype rotor was built that meets the micro air vehicle (MAV)
size constraint of 15.24 centimeters (6 inches). A new cam path design was used as a
pitching mechanism, which reduced overall design weight and mechanical power
requirements, and allowed for curved flat plate airfoils and angled airfoil structural
supports. The cycloidal rotor was designed to pitch on both sides of the airfoils in an
effort to reduce the axial force that was previously observed in mechanisms that pitch
straight airfoils using an offset four bar linkage on only one side. The radial and axial
strains were measured to determine the forces on the rotor, and compared well with a
finite element simulation. The power-to-thrust ratio increased with RPM, which is in
contradiction with theoretical rotor predictions. This indicated there are likely
inefficiencies due to friction, which is supported by the measured non-zero power
requirement at zero RPM.
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1 Introduction

1.1 Problem Statement

Micro Air Vehicles (MAVs) are highly sought after for their low energy
consumption surveillance, patrolling, and reconnaissance capabilities for both civilian
and military purposes. MAVs are defined by the Defense Advanced Research Projects
Agency (DARPA) as having a characteristic length of no more than 15.24 cm (6
inches). This interest has caused a surge of analysis and research in recent years.
Helicopters conventionally appear to be the best solution. A helicopter is a successful
aerodynamic vehicle that has been optimized for full scale conditions. However,
MAY helicopters are half as efficient compared to full scale helicopters in terms of
the ratio of actual to ideal power (McMichael, 1997).

1.1.1 Characteristics

Ideal characteristics include hovering, fast takeoff and landing, good
maneuverability, endurance, and stability in adverse weather conditions such as wind.
Efficiency is a key attribute for minimal power consumption with maximum thrust.
Conventional rotors are less efficient in terms of power-to-disc loading compared to a
cycloidal rotor (Benedict, 2011). Efficiency clearly affects the flight distance per
battery charge and the power consumption. These aspects of flight are hard to
increase due to rotor and component weights and power to battery weight ratios at the
MAV scale.

1.1.2 Flow Conditions

A cycloidal rotor with a diameter of 15.24 centimeters, operating at 2000 RPM
would experience a Reynolds number of 322,000. The flow conditions have been of
much interest in recent years. Complex phenomena like dynamic stall and induced
camber have been believed to be contributing factors to explain why cycloidal rotors
have never reached stall, as well as being pitched to large angles of attack. The
interactions between cycloidal airfoils have also been investigated because large
chord lengths may lead to inefficiencies and unpredictable performance as the airfoils
pass closer together.



2 Literature Review

2.1 Background

The first pictures of the cycloidal rotor concept were over a hundred years ago in
Russia from 1906. Several patents from the early part of the 20" century were
processed. Frederick Kurt Kirsten first investigated cycloidal propulsion in the early
1920°s while working at the University of Washington and proposed to replace an
aircraft’s airfoils with those of a cycloidal rotor, but the aircraft crashed first (Kirsten,
n.d.). In 1926, H. Sachse stated that Boeing helped Kirsten in the invention and
experimentation of the cycloidal rotor in NACA No. 351 and notes the key advantage
is instant thrust vectoring.

John B. Wheatley began work on cycloidal propulsion in 1933 and developed a
supporting model from tests at the Langley 20-foot wind tunnel using an 8-foot
diameter model. Wheatley also provided a simplified analysis of this general system
by varying design parameters to produce a performance model. He concluded that a
cyclogiro was competent in all forms of flight and could even glide in the case of
power failure (Wheatley, 1933). Primary interest until the 1990°s was focused on tug
boats until interest in MAVs became prevalent, and lightweight materials with high
strength that can withstand high speed became more available.

Since this early development, there have been numerous research theses and
projects that range from purely computational analyses to rotor development and
testing. One successful endeavor by the Aerospace Department of the University of
Maryland created the first remote flight controlled cycloidal MAV in 2011. Starting
in 2008, Chopra and Benedict published many research papers analyzing the nature of
cycloidal rotors and iteratively refined their experimental rotor until a working model
was achieved with near instant thrust vectoring (Chopra, 2011).

2.2 State of the Art

Current cycloidal rotor technology utilizes small radii of rotation due to the
massive increase in perceived weight due to centripetal force, or in low RPM
scenarios that require a lot of thrust to move heavy loads. The latter is employed by
tugboats that are required to pull many times their own weight when moving larger
vessels.

2.2.1 Wireless Pitch Control

Cycloidal airfoil research has found thrust efficiencies ranging from 14 grams of
thrust per watt at full scale; and these experiments and research indicated the thrust to
power ratio may double that of current helicopter technology (Wheatley, 1933). Most
cycloidal research has consisted of airfoils with constant direction of rotation and
variable angle of attack as the airfoils make a full rotation from +40° for optimal
thrust. Figure 1 shows a numerical simulation of the pressure regime around a



pitched airfoil, created by Acuity Technology Proprietary using Chimera Grid Tools,
Overflow 2.0, Tecplot, and Matlab. Acuity Technology did successfully transmit
wireless signals to servos to control the angle of attack on cycloidal airfoils for
accurate sinusoidal pitching analysis. Higher pressure is shown in red, where lower
pressure is in blue.

The bottom airfoil would have a negative angle of
attack when the rotation is counterclockwise, while the top
airfoil has a positive angle of attack with respect to the
leading edge of the airfoils. The top and bottom airfoils
generate net thrust in the upward direction; generating
thrust in one direction by two airfoils simultaneously.

This type of motion is characterized as a periodic stroke
and is beneficial towards positive thrust. As both airfoils
rotate counterclockwise 180 degrees to switch locations
and angle of attack the airfoils will pass through a neutral | <

angle of attack. The bottom airfoil’s gradient from high to  Figure 1: Acuity
low pressure is not as significant as the top airfoil Technology Pressure

suggesting that it produces less thrust. Xézlgdization (ClarkR.,

2.2.2 Induced Camber

A symmetrical airfoil is often used for cycloidal rotors, but the airfoils act as if
they are cambered because the path that is traveled is curved in a circle with respect to
the span. This effect is considerable because the radius of curvature is relatively
small compared to the chord length of the airfoils. This phenomenon is called virtual
or induced camber because the airfoils are not actually cambered, but do behave as if
they are. Figure 2 (left) shows analytical, experimental and CFD data for force versus
angle of attack for 300, 400, and 500 RPM. The force increases with higher RPM at
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Figure 2: From Seoul University analyzing induced camber effects and
calculated/predicted thrust forces with respect to angle of attack.




all angles of attack and low RPM values were used to maintain laminar flow
conditions. Streamlines are shown on the right in Figure 2. Of considerable note
from this flow visualization is the direction of outward flow from the bottom of the
rotor. This six bladed rotor’s flow is offset 20° from the vertical (where maximum
angle of attack is achieved) not directly downward as might be expected (Kim, 2008).
For a four bladed rotor this angle of flow diversion is 15°.

2.2.3 PIV: Particle Image Velocimetry

Particle Image Velocimetry (PIV) uses injected particles into a fluid velocity field
as an optical method to obtain instantaneous velocity measurements. Figure 3 shows
PIV measurements made by Moble Benedict at the University of Maryland,
Department of Aerospace. On the left; arrows indicate velocity direction and red to
blue colors are used to represent greater to lesser magnitudes respectively. This also
agrees with the visualization of flow in Figure 2 that has the outward flow directed at
an angle from the vertical. PIV tip vortices shown on the right, use red and blue to
signify counterclockwise and clockwise rotation of vortices, respectively. This flow
visualization method can be used to calculate the circulation, which can then be used
to find the overall thrust of a rotor.
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2.24 Control/Pitching Mechanisms

Shear stresses in current cycloidal rotor designs cause substantial size constraints
on horizontal axis rotors. Conventional horizontal rotor airfoils are a solid structure,
and at high velocities can lead to great damage to the supporting structure and angle
of attack mechanisms. Figure 4 shows that MAV models have demonstrated that
damaging effects can occur from controlling the angle of attack. Critical stress is
shown on the right in red for the control link in the airfoil on the left (Kim, 2008).

Figure 4: Shear Potential for Angle of Attack
Mechanism from Seoul University

One approach is to have each airfoil controlled by servo technology for exact
sinusoidal angle of attack, but this is used for static experimentation for ideal
performance as discussed in Section 2.2.1. This is because the numerous electronics
have considerable weight when combined. There is also a more simple mechanical
approach. Cycloidal rotors rotate around a central axis denoted as the x-axis, and the
pivot point of oscillation for the airfoils occur at the quarter-chord. The axis of
rotation for the pitching mechanism is parallel, and an offset distance to the central
axis. The four bar pitching mechanism connects to the airfoils a set distance from the
quarter chord of the airfoils. Figure 5 demonstrates a four bar pitching mechanism
using a titanium rod set in foam with a carbon fiber layer to reinforce the airfoils to
maintain a constant angle of attack along the span (Chopra, 2011).



Non-rotating Rotating
shaft carbon fiber
/ end-plate

Pitch link

Blade pitch
bearing

Figure 5: Example of mechanical offset to achieve variable angle of attack with a
pitch link. (Chopra, 2011)

2.2.5 Vibration/Friction

High centripetal force causes any amount of unbalanced weight to cause a large
amount of vibration of the same order of magnitude as the thrust from a cycloidal
rotor. Even with a small rotor balanced tolerance within 0.02 grams mass difference
between components achieved vibration two orders of magnitude greater than the
thrust that was measured (Parsons, 2005).

2.3 Airfoil Cross-Section

A cycloidal rotor resembles a vertical axis wind turbine (VAWT) rotated ninety
degrees on its side, which is why it is categorized as a horizontal axis rotor. Figure 6
shows a design of a Darrieus Rotor with variable chord length. It was able to operate
at higher RPM than a straight airfoil VAWT with similar radius and incoming air
speed. The experimental data showed similar Reynolds number along the span of
airfoils with variable chord length. This achieved similar flow conditions along the

span of the airfoils.



Figure 6: Darrieus rotor with variable chord length and thickness to increase power
generation (Clark R. , Design and Initial Performance of a 500-kW Vertical Axis
Wind Turbine, 2008).

This allowed for the rotor to operate seven times faster than a non-varying chord
length Darrieus rotor and a 40% increase in power generated (Clark, 2008). These
two features added to the design involved a cylindrical airfoil with respect to the span
and chord length taper. The center of the airfoil is located the furthest from the
horizontal axis and has the smallest chord length.



3 Cycloidal Rotor Design

3.1 Theory

A working cycloidal rotor at the micro air vehicle size was constructed and tested
by (Benedict et al., 2008). The rotor was successful in being able to lift itself, but did
not perform with maximum efficiency. An aerodynamic axial force that was of the
same order of magnitude as the thrust was observed. This force was measured and
confirmed by digital particle image velocimetry, DPIV, where skewed air flow was
observed (Benedict et al., 2008). This rotor’s airfoils were pitched on only one side of
the rotor, resulting in a small amount of torsion in the airfoils. This rotor also
implemented flat plate airfoils resulting in greater torsion and increased inefficiency.
This torsion is believed to be the cause of the skewed air flow that was observed in
the DPIV. To minimize this torsion the airfoils were made with foam core and a
pitching spar of titanium with a layer of carbon fiber for reinforcement (Benedict et
al., 2011). However, if the airfoils are pitched on both sides of the rotor the torsion of
the airfoils may be reduced, and minimize the axial force and allowing for the use of a
flat plate airfoil.

3.2 Rotor Size

There are size constraints in order for the rotor to be classified as a MAV. The
diameter between airfoils revolved around the horizontal axis cannot be more than
15.24 cm. An average diameter of 12.7 cm was chosen at the angle of rotation where
the airfoils have no pitch. This permitted the distance between the trailing and
leading edges of the negative and positive pitched airfoils to be less than the 15.24 cm
constraint. Therefore, there is 2.75 cm deviation for the airfoils to pitch. The length
of each airfoil also has to be less than 15.24 cm to meet the MAV definition. Making
the curved length of the airfoil to be 12.7 cm meets this constraint. This completed
the geometry of the span of the airfoils as a cylindrical curve is applied; and
calculated the radius of curvature of the airfoils to be 8.4836 cm.

3.3 Angle of Attack

The amount of pitch (or angle of attack) will be 40° from the zero pitch plane in
the positive and negative directions, as shown in Figure 1. This magnitude of the
pitch has been investigated by several institutions. Figure 7 on the left, shows that
additional pitch above 40° no longer gives additional thrust, but does require
additional power, as shown in Figure 7 on the right (Benedict, et al. 2008).

Therefore there is a ceiling of the angle of attack that is practical. Using a lower
angle of attack and higher RPM is less efficient and was not investigated here. The
loss in efficiency is because a sub-40° angle of attack produces less thrust at all RPM.
The aerodynamic power and thrust (vertical force) of the 40 and 45° are plotted nearly
on top of each other in Figure 7. Therefore 40° was chosen as the angle of attack
because it requires less aerodynamic and mechanical power than a pitch of 45°.
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Figure 7: Thrust versus RPM and Aerodynamic Power versus Thrust.

3.4 Number of Airfoils
The number of individual airfoils on a single rotor has also been investigated

previously. Intuitively a smaller number of airfoils have less inertial force and
weight; however experiments have shown that two airfoils yield a pulsing of thrust
(Parsons, 2005). This is an undesirable effect because a constant thrust for a given
RPM of the rotor is required for dependable flight. The pulsing is minimized to an
acceptable magnitude when four airfoils are utilized. When more than four airfoils
are used, the effect of added thrust does not justify the added inertial force and
structural weight. Moving from four to six airfoils is not worth the additional power
required and the flow effects from one airfoil to another can be problematic; when the
preceding airfoil can cause considerable downwash making the following airfoil less
effective at the MAV scale (Parsons, 2005).

1600 1800 2000

3.5 Reynolds Number and Taper

Fixing the cylindrical geometry of the airfoil with respect to the span allowed the
taper to then be calculated. The taper is defined by measuring the deviation of chord
length from connection of the spider supports to the airfoil to the middle of the airfoil.
The chord length increases symmetrically from the middle of the airfoil to the edges

connected to the spider supports. The local Reynolds number is defined as Re = %,

where L is the chord length at a location along the airfoil, and U is the linear velocity.
The middle of the airfoil has a larger U than the spider connections of the airfoils
because of an increase in distance from the axis of rotation. The change in U1is
proportional to a change in RPM. In order to maintain a constant Re, the
characteristic length has to change in proportion to the changing U, and was
accomplished by tapering the airfoils. The taper is not constant because the airfoils
are bent in a circular arc from the two supports. For this variation in radius from the
axis of rotation of 1.693 cm; the chord length taper is 0.508 ¢cm from one end to the
middle of the airfoil.

3.6 Chord Length
The chord length was determined by considering the trade-off between one that
produces adequate thrust, but is small enough to have minimal drag and downwash
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effects on the following airfoil. In 2003, Isosilevskii and Levy of the Technion-Israel
Institute of Technology experimented with a similarly sized rotor of 10.922 cm
diameter and a chord length of 2.286 cm. A computational fluid dynamic, CFD, study
showed the complex flow field experienced by the cycloidal rotor due to the
interaction between the airfoils, which was not previously expected. The model was
tested with two, four, and six airfoils, and numerical predictions agreed with
experimentally measured time-averaged forces. It was found by experimental
analysis of different chord lengths that 2.286 cm was successful for a cycloidal rotor
of the MAYV scale. This chord length has also been successful for other cycloidal
rotors. The chord length provides enough thrust and separation between airfoils for
limited downwash effects.

3.7 Flat Plate Airfoil Profile

It has been shown by Benedict et al. (2008) that at the MAYV scale a flat plate
produces just as much thrust as an airfoil shape without any increase in aerodynamic
power requirement. In their work the weight of the flat plate was substantial because
a large thickness was required so there would be no torsion as the rotor was cyclically
pitched on just one end. In the present work, a flat plate has been adopted as shown in
Figure 8 because the rotor will be cyclically pitched on both sides. By controlling
pitch on both sides, the torsion in the flat plates is minimized. This design feature
further allowed for the use of a thin plate of carbon fiber to minimize weight and
inertial effects. The thickness of the flat plate airfoils was only 0.254 mm and has the

Figure 8: A SolidWorks 2011 model showing the chosen geometry of the structure
supporting the airfoils with parallel oscillating pulleys for one to one pitching.
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advantage of a decreased weight and had a sharp leading edge. Benedict et al. (2008)
also found that a sharp leading edge generates more thrust than a blunt flat plate
airfoil. An ultimate design goal was to minimize the overall weight, and specifically
the weight that rotates away from the horizontal axis in order to reduce the inertial
force.

3.8 Cyclic Pitching Mechanism

The design of the four armed spider supports was chosen in order to intersect the
airfoils perpendicularly from a known angle of the airfoil geometry. Previous
cycloidal rotor designs that have focused on being light weight have used a horizontal
axis of rotation with a four bar system that is parallel. The bars are set at a constant
distance from the central axis of rotation. The four bar mechanism is attached to the
airfoils some distance greater than the quarter chord from the leading edge in order to
achieve a cyclic pitch as the airfoils make a full revolution. This type of design was
shown in Figure 5. This type of four bar mechanism would be difficult to implement
for the tensile rotor. A four bar mechanism was not implemented in the design
because the plane of oscillation for the airfoil at the spider connection is not
perpendicular to the axis of rotation. Shown in Figure 9 are the cyclic cam pitching
mechanisms that were used in place of the four bar pitching mechanisms.

Figure 9: A cross-section view showing how the cyclic pitching mechanisms will be
installed.

The geometric design of the structural spider supports further reduced weight
because the pulleys are located at the base of the supports. The spider supports bent
arm length was determined by the base pulleys being designed perpendicular to the
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oscillating plane of the airfoils and to be driven by the spider supports. The flat plate
airfoil connection to the spider supports is also cantilevered beyond the bearing
locations that are mounted to the horizontal rod to act as a flywheel for stabilization.
The supports were also designed to act as a re-curve bow in resisting deformation of
the airfoil during rotation.

A cyclic pitching mechanism was used for each spider support. The flat plate
airfoils were pitched by spectra line in tension, connected to a pulley on one end of
the airfoil and then to the corresponding base pulley. As the pulley at the base of the
support is pivoted +40° with respect to the rotating spider support, the pulley rigidly
attached to the airfoils will rotate with an equal angular displacement. The two
pitching mechanisms are fixed on the cylindrical carbon fiber rod, acting as a
stationary cam path for the pegs in the base pulleys to oscillate during rotation.

Figure 10: The cyclic pitching mechanism which represents an offset disk of an offset
four bar method.

The pulleys only oscillate a total of 80°, which allowed for a part of the spectra
line to be firmly fixed (glued) to the pulleys so that no slipping occurred. A V-notch
in the pulleys was machined for the spectra line to have more contact area to be
bonded to the pulleys.

The pitching mechanism shown in Figure 10 is a conical shell with an offset
circular cam path that accommodates a free rotating oscillating peg between the
pitching mechanism and the pulleys at the base of structural support. The cam path is
perpendicular to the conical surface at all locations. This allows the pegs of the base
pulleys to remain parallel to the plane of oscillation of the airfoils. As the pulleys are
rotated, there is a small change in the distance from the axis of rotation of the pulleys









































































































