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Performance and flowfield measurements were conducted on a small-scale cyclorotor for application to a micro air
vehicle. Detailed parametric studies were conducted to determine the effects of the number of blades, rotational
speed, and blade pitching amplitude. The results showed that power loading and rotor efficiency increased when
using more blades; this observation was found over a wide range of blade pitching amplitudes. The results also
showed that operating the cyclorotor at higher pitching amplitudes resulted in improved performance,
independently of the number of blades. A momentum balance performed using the flowfield measurements helped to
quantify the vertical and sideward forces produced by the cyclorotor; these results correlated well with the force
measurements made using load balance. Increasing the number of blades increased the inclination of the resultant
thrust vector with respect to the vertical because of the increasing contribution of the sideward force. The profile drag
coefficient of the blade sections computed using a momentum deficit approach correlated well with typical values at
these low chord Reynolds numbers. Particle image velocimetry measurements made inside the cage of the cyclorotor
showed that there are rotational flows that, when combined with the influence of the upper wake on the lower half of
the rotor, explain the relatively low efficiency of the cyclorotor.

Nomenclature
A = cycloidal-rotor rectangular projected area, 2bR, m?
b = blade span, m
Cp = rotor power coefficient, P/ pA(QR)3
Cr = rotor thrust coefficient, Tges/ pA(R)?
c = blade chord, m
Cq = drag coefficient
¢ = lift coefficient
D = rotor blade sectional drag/unit span, N m™'
DL = disk loading, Tges/A, Nm™
FM = figure of merit, Pjgea1/ Peas
m = mass flow rate per unit span, kgm~' 57!
N, = number of blades
P = total aerodynamic power, W
PL = power loading, Tg.,/P, NW~!
Pigeal = ideal power, W
meas = measured power, W
Py = momentum of the fluid per unit span in Y direction,
kgs™!
P, = momentum of the fluid per unit span in Z direction,
kgs™!
R radius of the rotor, m
Tres = resultant thrust, N
Ty = rotor sideward thrust, N
T, = rotor vertical thrust, N
Ur = blade tangential velocity, ms~!
Vv = resultant fluid velocity, ms™
v, W = velocity along the Y, and Z directions, ms™!
X,Y,Z = rotor coordinate system, m
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phase angle of the resultant thrust vector, deg
azimuthal position of the blade, deg
rotational speed of the rotor, rad s~!
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Introduction

N RECENT years, interest has been growing in the use of micro-

air-vehicles (MAVs). As the battlegrounds of the future move to
restricted, highly populated, urban environments, MAVs can be
extremely useful assets to the military. MAVs can also be used for
civilian applications such as biochemical sensing, traffic monitoring,
border surveillance, fire and rescue operations, wildlife surveys,
power-line inspection, and real-estate aerial photography, just to
name a few. Several fixed-wing MAVs have already been suc-
cessfully tested [1-5]. Even though fixed-wing MAVs may be the
best performers today in terms of the imposed size and weight
constraints, they lack the ability to hover or to operate in highly
constrained environments. The latter attributes are important for
many missions, not just surveillance. Therefore, the development of
efficient hovering rotary-wing concepts will lead to more versatile
and useful MAVs with expanded flight envelopes.

To this end, several hovering-capable MAVs based on single main
rotor or coaxial rotor configurations have been successfully built and
flight-tested [6,7]. However, these MAVs operate in the blade chord
Reynolds number range from 10,000 to 60,000 and so they suffer
from the aerodynamic inefficiencies of small scale. In fact, most
MAVs based on conventional rotors have shown relatively low per-
formance; e.g., the maximum figure of merit achieved to date is only
about 0.65 [6]. This implies that scaling down full-scale concepts
may not be the correct approach for operating in a completely
different aerodynamic regime. Therefore, it is important to inves-
tigate alternate solutions such as cycloidal rotors, flapping wings,
etc., because they may have potential for better performance at these
low Reynolds numbers.

An MAV concept based on a cycloidal-rotor (cyclorotor) system
has been proposed as an alternative to a conventional rotor. A
cyclorotor (also known as a cyclocopter or cyclogiro) is a rotating-
wing system (Fig. 1) in which the span of the blades runs parallel to
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Blades
Fig. 1 Cyclorotor MAYV.

the axis of its rotation. The pitch angle of each blade is varied
cyclically by mechanical means such that the blades experiences
positive angles of attack at the top and bottom positions of its
trajectory (Fig. 2). The resulting time-varying lift and drag forces
produced by each blade can be resolved into the vertical and
horizontal directions, as shown in Fig. 2. Varying the amplitude and
phase of the cyclic blade pitch can be used to change the magnitude
and direction of the net thrust vector produced by the cyclorotor.

Compared to a conventional rotor, each spanwise blade element of
a cyclorotor operates at similar aerodynamic conditions (i.e., at
similar flow velocities, Reynolds numbers, and angles of attack),
and so the blades can be more easily optimized to achieve best
aerodynamic efficiency, at least in principle. Moreover, because the
blades are cyclically pitched once per revolution (1/rev), unsteady
flow mechanisms may delay blade stall onset and so augment the net
lift produced by the blades. Prior experiments have suggested that
cyclorotors can reach efficiencies comparable to conventional rotor
systems [8] and possibly higher values of maximum thrust. Further-
more, because the thrust vector of a cyclorotor can be almost
instantaneously set to any direction perpendicular to the rotational
axis, compared to a conventional rotor system a cyclorotor-based
MAV may ultimately show better maneuverability and agility, which
are particularly important attributes for constrained indoor flight
operations.

Most of the previous experiments on cyclorotors have been
performed at relatively larger scales [8—22]. The key conclusions
from these studies are summarized in [23]. Recent tests on a 6-in.-
diam three-bladed cyclorotor at the University of Maryland indicated
that this concept is promising at the lower Reynolds numbers at
which MAVs operate [23-25]. Experimental studies were conducted
by varying the rotational speed, blade airfoil profile and blade
flexibility in an attempt to optimize the performance of the
cyclorotor. This previous study was performed using three blades.
However, the study showed that the power loading values obtained
for the cycloidal microscale rotor were considerably lower than for
conventional helicopter-based microrotors.

Fig. 2 Cyclorotor blade kinematics and thrust vectors.

Improving the aerodynamic performance of a cyclorotor that
vaults a laboratory model to a successfully working hover-capable
vehicle depends on developing a fundamental knowledge of its
flowfield. The current status of the aerodynamic understanding of the
cyclorotor can be rated as qualitative, at best. Many aspects of the
flow are still not completely understood. For example, the reason
behind the observed absence of blade stall, even when the collective
pitch of the blade is set to high values, or the reason for the skewed
nature of the rotor wake [23], are not completely understood. In the
present study, flowfield measurements were made inside the rotor-
cage to better understand the aerodynamics.

The focus of the present work is to perform a parametric study
towards understanding the effects of number of blades (that were
operated at different blade pitching amplitudes) on the aerodynamic
performance of a model-scale cyclorotor. The goal is to use both
performance and flowfield measurements to identify an optimum
geometric configuration and operating condition(s) at which the
cyclorotor operates at best efficiency. It should be understood that the
present work is a continuation of the previous work reported in [23],
where the authors studied the effect of blade airfoil section, blade
flexibility, etc., on the aerodynamic performance.

Performance Studies
Experimental Setup

The experiments were conducted on two-, three-, four-, and five-
bladed cyclorotors. A four-bladed cyclorotor is shown in Fig. 3. All
the rotors had a diameter and blade span of 0.152 m (0.5 ft). The
blades had a uniform chord of 0.0254 m (0.0833 ft) and used the
NACA 0010 airfoil section. Details on the design of the cyclorotors
are given in [23].

A test rig was built to measure the thrust, torque, and rotational
speed of the cyclorotor. A Hall-effect sensor was used to generate a
1/rev signal to measure the rotational speed of the rotor. The power
consumption was determined from torque and rotational speed
measurements. A range of tests were performed to characterize the
performance of the various cyclorotors. Measurements were
obtained for all the cyclorotors at blade pitching amplitudes of 25, 30,
35, and 40°, and for rotational speeds ranging from 400 to 2000 rpm.

Particle Image Velocimetry Setup

The particle image velocimetry (PIV) setup is explained in Fig. 4.
The PIV hardware included a pulsed dual Nd:YAG laser that was
operated in phase synchronization with the cyclorotor. An articulated
optical arm was used to locate the light sheet in the required region of
interest in the flow. The laser system was capable of being pulsed at
frequencies up to 15 Hz, and was synchronized to the rotational
frequency using the 1/rev trigger and a phase-locking master timing
control unit.

ade pitch
aring

Fig. 3 Four-bladed cyclorotor.
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camera

perspex endplate
Fig. 4 Schematic of the PIV setup.

Before each sequence of measurements the entire test area was
seeded uniformly with a fog of submicron mineral oil particles. The
PIV technique measures the flow velocity of these seed particles, so it
is essential to use small particles to prevent tracking errors but the
particles must also be large enough to produce sufficient Mie
scattering of the laser light. The flow images were acquired using a
2-megapixel-resolution digital camera, which was placed orthogonal
to the laser sheet. The dual lasers were fired with a pulse separation
time of 10 us. A high-speed digital frame grabber was used to
acquire the resulting image pairs for analysis. For the PIV image
processing, a recursive technique called a deformation-grid corre-
lation algorithm was applied to the images [26], which has been
shown to be better for measuring the high-velocity gradients found
inside rotor wake flows [27].

The PIV setup was used to study the flowfield inside the cage of
cyclorotor as well as in the wake below it. To obtain the chordwise
flow velocities the laser sheet was placed at the midspan of the rotor
perpendicular to the blade span (Fig. 4). It was extremely chal-
lenging to obtain good PIV measurements inside the cyclorotor,
because the end plates blocked optical access and also because of the
shadows cast by the individual blades. To help minimize the
problem, new rotor endplates were made out of transparent
Plexiglas. The PIV measurements were made only on the two- and
four-bladed cyclorotors.

Results and Discussion
Performance Results
Rotor Forces

The coordinate system used for the cyclorotor is shown in Fig. 2.
The azimuthal position of the blade, W, is measured counter-
clockwise from the negative Z axis. The blade pitch angle 6 is
measured tangentially to the circular path of the blade. Intuitively, it
appears that with this kind of blade kinematics (discussed in [23]),
the rotor should only produce a vertical force T,. However, the
experiments showed that the cyclorotor also produced a sideward
force T, with a magnitude that was comparable to that of the vertical
force (Fig. 2). This result was later confirmed by the PIV studies,
which showed the presence of a skewed wake system.

The present experimental rig was made in such a way that it could
measure both the vertical and sideward force components [23]. The
resultant thrust T, is obtained from the measured T, and T, using

TRes = V T22 + T)z (1)

The angle made by the resultant thrust Ty, with the vertical ¢ is then
given by

¢ = tan™! (%) )

Figure 2 shows a schematic of the forces produced by the rotor.
Figures 5 and 6, respectively, show the variation of nondimensional
vertical and sideward forces produced per blade, Cy_ /o and Cr, /o,
with rotational speed for two-, three-, four-, and five-bladed
cyclorotors at a pitching amplitude of 40°. The vertical component,
Cr., remained almost constant with rotational speed, while the
sideward component, Cr, increased steadily with the rotational
speed. Another significant observation from these tests was that
increasing the number of blades tends to increase the phase angle of
the resultant thrust vector (¢). This is primarily because the
contribution of the sideward force to the total force increases as the
number of blades increases. In the remainder of this paper, the thrust
refers to the resultant thrust (i.e., to Tges)-

The total power required for the rotor was obtained from the torque
and rotational speed measurements. Tare tests were carried out at
different rotational speeds after removing the blades to measure the
profile power consumed by the rest of the rotor structure other than
the blades and also the balance associated losses; this constituted
only around 10-15% of the total power. These results were then
subtracted from the total power measurements to obtain the
aerodynamic power required to rotate the blades. Blade aerodynamic
power includes the induced power, profile power, rotational losses,
power loss from interference effects, and the aerodynamic power
required for pitching the blades.

Number of blades
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Fig. 5 Nondimensional vertical force Cr,/o versus rotational speed
(rpm) for two-, three-, four-, and five-bladed cyclorotors at 40° blade
pitching amplitude.
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Fig. 6 Nondimensional sideward force Cy, /o versus rotational speed
(rpm) for two-, three-, four-, and five-bladed cyclorotors at 40° blade
pitching amplitude.
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Fig. 7 Nondimensional resultant thrust C; /o versus rotational speed
(rpm) for two-, three-, four-, and five-bladed cyclorotors at 35° blade
pitching amplitude.

Thrust and Aerodynamic Power Measurements

Figures 7 and 8, respectively, show the variation of nondimen-
sional resultant thrust (Cy/0) and power (Cp/0) per blade with
rotational speed for two-, three-, four-, and five-bladed cyclorotors at
a pitching amplitude of 35°. As expected, Cy/o and Cp/0 remains
constant with rotational speed since the thrust and power varies as the
square and cube of rotational speed, respectively.

In Fig. 7, the experimentally measured thrust values are compared
with predictions that were obtained using a quasi-steady aero-
dynamic model based on blade element momentum theory and a
uniform inflow model based on the rectangular projected area A [24].
The inflow model also includes the effect of the wake from the upper
half of the cyclorotor on the lower half of the rotor. In all the cases, the
thrust predictions were found to be within 10-15% of the measured
values. From Fig. 7, it can be seen that the two-bladed rotor has the
maximum thrust per blade, followed by the three-, four-, and five-
bladed rotors. This is because the total thrust increases with the
number of blades, which increases the inflow and thereby reduces the
effective angle of attack of each of the blades. The aerodynamic
model also captures this effect. The performance of the cyclorotors
can also be affected by the interference between the blades, which is
an effect that increases with the number of blades. However, these
interference effects are not presently included in the modeling.
Again, as in the case of the thrust, the power consumed per blade
(Fig. 8) for the different cyclorotors tested is not the same because of
the changes in the inflow and blade-on-blade interference effects.

Power Loading

Figure 9 shows the variation of power loading (thrust/power) with
disk loading (Tg./A) for different cyclorotors (two-, three-, four-,

1.5

L
&
Number of blades
0.5 ——2 1
-3
—h— 4
——5
ol— i i
500 1000 1500 2000

Rotational speed, Q (rpm)
Fig. 8 Nondimensional power Cp/o versus rotational speed (rpm) for
two-, three-, four-, and five-bladed cyclorotors at 35° blade pitching
amplitude.
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Fig. 9 Power loading versus disk loading for two-, three-, four-, and
five-bladed cyclorotors at 40° blade pitching amplitude.

and five-bladed) at the 40° pitching amplitude. As shown, the power
loading varies as (2R) ™!, because thrust is a function of the square of
rotational speed and power varies as the cube of the rotational speed.

Figures 9-12 show the variation of the measured aerodynamic
power loading with disk loading for the two-, three-, four-, and five-
bladed cyclorotors. Each figure shows the results for different
pitching amplitude. Varying the rotational speed changed the rotor
thrust level. Also, it should be noted that the disk loading is
proportional to the total thrust produced by the cyclorotor, because
all the rotors tested in the present study had the same actuator area A.

From the results in Fig. 10, it can be seen that at 25° blade pitching
amplitude the four-bladed cyclorotor has the best power loading for
all values of disk loading, followed by the five-, three-, and two-
bladed rotors. The power loadings of the two- and three-bladed
cyclorotors were found to be comparable; however, they were still
significantly lower than that found for the four- and five-bladed
rotors.

For the 30° pitching amplitude case (Fig. 11), the power loadings
produced by four- and five-bladed cyclorotors were comparable at
higher disk loading values. However, at lower disk loading values the
four-bladed rotor produced better power loading than five-bladed
rotor. At all the disk loadings, the three-bladed cyclorotor was
inferior to both the four- and five-bladed rotors. The two-bladed rotor
produced the lowest power loading.

For the 35° pitching amplitude (Fig. 12), the five-bladed
cyclorotor performed better than all of the other rotors, followed by
the four-bladed, three-bladed, and two-bladed rotors. However, it
was interesting to note that for disk loading values less than
25 Nm™2, the two-bladed rotor actually performed better than the
three-bladed rotor. For the 40° pitching amplitude case (Fig. 9), the
results showed the superior performance of the five-bladed rotor over
the four-, three-, and two-bladed rotors.
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Fig. 10 Power loading versus disk loading for two-, three-, four-, and
five-bladed cyclorotors at 25° blade pitching amplitude.
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Fig. 11 Power loading versus disk loading for two-, three-, four-, and
five-bladed cyclorotors at 30° blade pitching amplitude.

Figures 9—12 show that the rotor with higher number of blades
(higher solidity) produced the better power loading for the same
value of disk loading (or thrust). This may be because of the fact thata
rotor with higher solidity can achieve a given value of thrust at a lower
rotational speed compared to a rotor with a lower solidity. The
associated reduction in profile power due to the operation at a lower
rational speed must have outweighed the increase in profile power
due to the increase in solidity. This trend remained consistent across a
wide range of blade pitching amplitudes.

The foregoing results do not prove that more blades is a more
desirable design; it only shows that power loading improves with
solidity until around 0.21 is reached (four-bladed rotor), beyond
which there was only a marginal improvement. The trends observed
in the above results are a combined effect of both number of blades
and solidity. To isolate the effect of number of blades, rotors with
different number of blades would have to be tested at the same
solidity by varying the chord length of the blades used on each rotor.
However, this work is beyond the scope of this paper.

Figure 13 shows the variation of the power loading with disk
loading for a five-bladed cyclorotor at different blade pitching
amplitudes. It was observed that the best power loading and
maximum thrust was obtained with the 40° pitching amplitude for all
the cyclorotors tested. In all of these cases, the thrust increased
linearly from 25 to 40° pitching amplitude showing no sign of blade
stall. Power increases relatively slowly with blade pitch, clearly
indicating that stall does not occur on the blades. It is significant to
note that the blades were not stalling at such high pitch angles.
Furthermore, from the PIV studies it was seen that the induced
velocities in the rotor wake were relatively high, and were
comparable to the blade velocity itself. Therefore, even though the
geometric angle of attack was 40°, the high induced velocities kept
the angles of attack below the stall values. Previous PIV studies [23]
also showed the presence of a dynamic stall vortex at the leading edge
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Fig. 12 Power loading versus disk loading for two-, three-, four-, and
five-bladed cyclorotors at 35° blade pitching amplitude.
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Fig. 13 Power loading versus disk loading for five-bladed cyclorotor at
different blade pitching amplitudes.

of the blade and flow reattachment at a pitch angle of 40°. The delay
of the stall to higher pitch angles (a known mechanism associated
with dynamic stall) may occur because of the 1/rev pitching
oscillation of the blades.

PIV Results
Flow Inside the Cyclorotor

It is important to measure the flowfield inside the cyclorotor to
understand the mechanism of lift production as well as to explain
some of the observations made during the performance study, such as
the production of a sideward force (Fig. 2) and the absence of blade
stall at high angles of attack. Flowfield measurements can also
expose an understanding of the efficiency of such a system based on
the uniformity (or otherwise) of the inflow. The flow model used in
the present analysis was based on a uniform inflow assumption.
Obtaining an understanding of the flow inside the rotor can be useful
in developing a better inflow assumption for the model, which will
help in predicting the thrust and power more accurately.

The PIV system (Fig. 4) was used to obtain the velocity
measurements in the plane of the rotor and perpendicular to the
blade span. The measurements were made on the two-bladed and
four-bladed cyclorotors, the results being shown in Figs. 14-18.
Figures 14—17 show the phase-averaged velocity vectors (resultant
velocity) inside and around the two-bladed rotor at four different
wake ages: namely, 0, 30, 120, and 150°. A wake age of 0°
corresponds to the alignment of the laser light sheet with the trailing
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Fig. 15 PIV measurements showing the flowfield inside the two-bladed
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edge of the blade when the blade reaches the lowest point in its cycle.
Because there are two blades, the flow structures are repeated after
180°. The length of the vectors shows the magnitude of the resultant
velocity. Spurious vectors that were produced by reflections from the
blades were all removed.

Flowfield measurements for the four-bladed case were performed
for wake ages of 0, 20, 40, 60, 75, and 90°. For the four-bladed rotor,
the flow repeats after 90°. Figure 18 shows the time-averaged
flowfield of all these cases. In these figures, the distances are
nondimensionalized by the blade span and the velocity is normalized
by blade velocity. The key observation from the PIV measurements is
the large region of rotational flow inside the rotor. This result,
coupled with the fact that the lower half of the rotor is operating in the
wake of the upper rotor, can account for some of the energy loss and
can explain the lower efficiency of the present cyclorotors when
compared to a conventional rotor system.

The rotational flow also creates an asymmetry of the inflow about
the Z axis, as can be seen in Figs. 14-18 (skewed wake structure),
which is consistent with the sideward force measured during the
performance tests. The relative complexity of the flow inside the
rotor-cage also emphasizes the need for a more detailed inflow model
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Fig. 16 PIV measurements showing the flowfield inside the two-bladed
cyclorotor; wake age { = 120°.
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Fig. 17 PIV measurements showing the flowfield inside the two-bladed
cyclorotor; wake age ¢ = 150°.

or for a computational fluid dynamics based model to capture the
flow physics and accurately predict the performance of a cyclorotor.

An important observation here, is the relatively high induced
velocities found in the wake; the induced velocities were
approximately 60 to 70% of the rotational velocity of the blade
section. This inflow will keep the blades operating at lower angles of
attack and might explain why the blades do not stall even at high pitch
angles.

Thrust from Momentum Balance

The thrust produced by the cyclorotor can also be obtained by
computing the change in momentum of the flow passing through a
control volume surrounding the rotor. For the present study, a
rectangular control volume was used and the net vertical and
sideward thrust components were measured from the total momen-
tum flux flowing into the control volume compared to the total
momentum flux flowing out. However, the size of the control volume
has to be large enough to capture the momentum change in the entire
flowfield.
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Fig. 18 Time-averaged velocity measurements showing the flowfield
inside the four-bladed cyclorotor.
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Fig. 19 Schematic showing the procedure used to obtain sectional
thrust from a momentum balance at a given spanwise location.

The schematic in Fig. 19 shows the procedure used for this
computation. The first rectangular loop completely encloses the
rotor; i.e., the circular blade path of the rotor is within the loop. In the
second step, the length of the rectangular loop was increased by Ax
(one node in the PIV grid) on all four sides. Subsequent loops
increased their length by Ax on all four sides relative to the previous
loop. This procedure was continued until the thrust values were
converged. The net vertical and sideward thrusts were obtained by
numerically evaluating the momentum change across all four sides
of the rectangular loop using the velocities measured in the flowfield
by PIV.

The net horizontal momentum Py and vertical momentum P, per
unit span through horizontal sides 1 and 3 (Fig. 19) are given by

Y, Y
Py = / pVudy pP; = / pVwdy 3)
Y Y

where
V=+vv+uw? )

and the mass flow rate per unit span across the sides is given by
o 16
= / pVdy ®)
Y,

The net horizontal momentum Py and vertical momentum P, per
unit span through vertical sides 2 and 4 are given by

Z;
PY=/ pVudz

Z

Zy
PZ=/ pVwdz ©6)

Z

The horizontal Ty and vertical T, components of thrust per unit span
are then given by

Ty = (Py, — Py,) + (Py, — Py,)
TZ:(PZ3_PZ|)+(PZ4_PZZ) )

respectively, where P, and Py, denote the momentum of the fluid per
unit span through the ith side, in the Z and Y directions, respectively.

However, this calculation gives only the thrust produced per unit
length of the blade at the midspan location, because the PIV
measurements were only made at 50% blade span. To obtain the total
thrust produced by the rotor, an elliptical lift distribution was
assumed along the blade span.

The vertical, sideward, and resultant thrust values computed using
the PIV agreed within 15% of the values obtained from the balance
measurements.
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Fig. 20 Velocity deficit behind the cyclorotor blade at the midspan
location at 0° azimuthal location.

Wake Integration and Profile Drag

The momentum deficit approach can be used to estimate the
sectional drag by comparing the momentum upstream and
downstream of the blade section. By using the continuity equation,
the equation for the drag is given by [28]

1 00
DZEP/ Ur,(Ur, — Uy,) ds 3)

where the subscripts 1 and 2 denote the upstream and downstream
locations relative to the blade section, respectively. Here, the quantity
Ur, — Uy, is the decrease in flow velocity, which when multiplied by
the mass flux pUr, gives the decrement in momentum per unit time in
the drag direction.

Figure 20 shows the reduction in the flow velocity behind the rotor
blade that was obtained from the PIV measurements for the 0°
azimuthal location. The coefficient of drag (c,) for the blade section
computed at the 0° azimuthal location (blade pitch angle of 40°) was
0.09, which is a typical value at these Reynolds numbers at such high
angles of attack [29].

Comparison of Cyclorotors with Other
Hovering Concepts

Figure 21 shows the values of power loading versus equivalent
disk loading for cycloidal microrotors, conventional microrotors,
large helicopters, as well as biological flyers [28]. Notice that both
axes have logarithmic scales. The momentum theory can be used at
all the scales to obtain the overall performance of any hovering
concept, because it gives theoretical ideal hovering limit. Momentum
theory can be expressed using [30]

V2ZpFM
pL =Y
VDL

The disk loading for the cyclorotor is obtained using the
rectangular projected area of the rotor A. It is interesting to note that
all the measurements made for the cycloidal microrotors fall
consistently on the power loading versus disk loading line for a figure
of merit of 0.4 (Fig. 21). However, it can also be seen that conven-
tional microrotors can achieve figure-of-merit values between 0.4
and 0.6 at the same disk loading. One reason for this could be the lack
of camber on cyclorotor blades, because camber plays a major role in
improving the performance of rotor blades at low Reynolds numbers.
However, cyclorotor blades cannot use camber, because they have to
operate at both positive and negative angles of attack. Other reasons
for lower efficiency of the present cyclorotor could be the rotational
losses inside the rotor and the interference between the upper and
lower halves of the rotor.

(C)]
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Fig. 21 Power loading versus effective disk loading at different scales.

Clearly there is scope for further improvements in cyclorotor
performance through the optimization of blade airfoil section and
blade kinematics, such as by having an asymmetric blade pitching
(different pitch angle variation at the top and bottom halves of the
blade trajectory), varying the blade pitching axis location, etc.

Conclusions

This work has focused on optimizing the performance of a
microscale cyclorotor. Four cyclorotors with two-, three-, four-, and
five-blades and variable blade pitching amplitudes were built for the
experiments. The following are the specific conclusions derived from
the study:

1) Power loading (and hence rotor efficiency) increases with
increasing number of blades (i.e., increasing rotor solidity) despite
the fact that profile power increases with solidity. This is because a
rotor system with a higher solidity generates the same thrust at a
lower rotational speed compared to a rotor with a lower solidity. The
associated reduction in profile power due to the operation at a lower
rotational speed outweighs the increase in profile power due to
increase in solidity. This trend remained consistent across a wide
range of blade pitching amplitudes.

2) Operating the cyclorotor at higher pitching amplitude resulted
in improved performance, and this performance seemed independent
of the number of blades being used. The optimum cyclorotor config-
uration from the present study was a five-bladed rotor operating at a
pitching amplitude of 40°.

3) A momentum balance performed using the flowfield measure-
ments helped to quantify the vertical and sideward forces produced by
the cyclorotor. The estimated momentum values showed good
agreement with the force measurements made using load balance. The
drag coefficient of the blades was also computed using the momentum
deficit approach, and the computed C, values correlated well with the
typical airfoil values for these low Reynolds numbers.

4) The PIV measurements showed that there are significant
rotational flows inside the rotor cage, which coupled with the
influence of the upper wake on the lower half of the rotor may be the
reason for the relatively low efficiency of a cyclorotor. In addition
to mitigating these losses, blade camber and optimization of
cyclorotor blade kinematics such as asymmetric blade pitching,
variation of blade pitching axis location, etc., may further improve
the performance of the cyclorotor.
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