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Abstract

As a new-type propulsive system, cycloidal rotor has been attracting more
attention recently. The present work concentrates on the analysis of the performance
and internal flow field of a two-bladed cycloidal rotor operating at low Reynolds
numbers, with special emphasis on understanding how the flow structure affects the
performance at different working conditions. The symmetrical/asymmetrical
pitching motions are evaluated initially and the primary results show that the
asymmetrical pitching with a mean pitch angle of 5° improves the efficiency of the
rotating system. Then, the effect of the chord-to-radius ratio at three different
conditions is discussed, which shows that the chord-to-radius ratio of 0.45 is the best
value to maximise the performance. The flow pattern, involving the blade-wake
interaction, wake-wake interaction, three-vortex-structure on the blade surface, roll-
up vortices inside the laminar boundary layer, laminar separation bubble, leading-
edge vortex, trailing-edge vortex and flow separation vortex, are discussed in detail
for various operating conditions. The study of the performance of a single blade, the
forces (lift and drag) distributions, the blade loadings and the near-wall flows on two
blades, provide a new understanding of the global performance of the propeller.

Keywords: Cycloidal rotor; Low Reynolds number flow; Pitching kinematic; Chord-
to-radius ratio
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1. Introduction

Cycloidal motions of blades have a variety of applications to the engineering
equipment, such as vertical-axis wind turbines (VAWT), underwater propulsion
systems, marine power generation turbines, and micro air vehicles (MAV). The
cycloidal propeller is made up of several vertical blades, which combine two motions,
namely the rotation around the shaft center and the oscillating motion around a pivot
located along the blade chord line. In a rotating cycle, the forces (lift F_ and drag Fp)
acting on the blade surface change continuously, whose components in the vertical
and horizontal directions provide the lift and propulsive force to the cycloidal
propeller, as shown in figure 1. In addition, each blade experiences successively
retreating and advancing sides, in which the resultant blade loading and flow
structures are extremely different. Some previous works show the complicated
internal flows inside a cycloidal propeller [1-2], such as massive flow separation,
laminar-turbulence transition, blade-wake and wake-wake interactions, which have
a great effect on the performance of the rotating system and every single blade. Thus,
it is necessary to have a deep understanding of the flow physics of the cycloidal
propeller under various operating conditions.
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Fig.1 Cycloidal rotor system.

Recently, optimizations of vertical-axis turbines and propellers considering the
modifications of geometrical parameters have been conducted numerically and
experimentally [3-4]. For a better design of the high-performance cycloidal propeller,
several factors are usually considered in these studies, e.g. the chord-to-radius ratio
(c/R), the solidity (o), the blade profile, the pitch-pivot-point location (x/c), the
pitching kinematic (symmetrical or asymmetrical pitching) and the blade shape (for

three-dimensional flows), are usually taken into consideration. The blade pitching
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kinematic is one of the most important parameters, since it has a great impact on the
instantaneous blade forces and aerodynamic performance. In the aforementioned
works, the cycloidal propeller often operates with symmetrical sinusoidal pitching,
which means that each blade has the same pitching angles as it comes across the
retreating and advancing sides [5-6]. However, the symmetrical pitching may not
lead to the optimal performance, especially in the forward flight. Benedict et al. [4]
used computational fluid dynamics (CFD) to investigate the internal flows of a four-
bladed cyclorotor and found that the instantaneous blade forces are non-uniform
along the rotor in forward flight. Such non-uniform forces may limit the overall
performance of the cycloidal rotor system. Then, Benedict et al. [7] performed some
experiments to understand the role of the rotor geometry and blade pitching
kinematic on the performance of a cycloidal rotor in hover. The results show that
higher pitching amplitudes can improve the power loading (thrust per unit power),
with an optimal performance obtained at 40 deg. Simultaneously, the asymmetrical
pitching with a higher pitch angle at the top of the circular trajectory than that at the
bottom produces a better power loading. Walther et al. [8] employed both CFD and
particle image velocimetry (PIV) measurements to show the advantage of
asymmetrical pitching with higher pitch in the upper half and low pitch in the bottom
half. They show that it improves the efficiency of the cycloidal propeller, due to the
inherent asymmetrical lift distributions along the blade. Except the reduction of
power consumption related to the more uniform azimuthal distribution of blade
forces provided by the asymmetrical pitching, Benedict et al. [9] also found that
highly unsteady flow features, due to blade-wake and wake-wake interactions, can
be alleviated by using the asymmetrical pitching. Additionally, some energy
equipment handing liquids also use the variable-pitch blades with asymmetrical
pitching and the resultant hydrodynamic performances are enhanced remarkably [10-
11].

The chord-to-radius ratio is also a critical parameter to the optimum
performance of the cycloidal propeller, but it was seldom investigated previously.
Although Hu et al. [12] stated that a moderate chord length is more appropriate for a
better performance of the cycloidal propeller, no impact of the rotating radius was
reported. However, an increase of R should be beneficial to the efficiency of the
system, because of less interaction with vortices shed from the blades. In addition,
Xisto et al. [13] employed CFD to study the influence of various parameters on the
performance of a variable-pitch VAWT, and observed that a higher torque is obtained
at a very low tip speed ratio with larger blade, but the torque decreases significantly
with the increase of the tip speed ratio. However, in this study, the chord-to-radius
ratio varies by changing the blade chord length only, and the influence of rotating
radius is not considered. Optimizing the value of ¢/R is of importance to improve the

3



global performance, since this ratio has some influence on the virtual
camber/incidence [7], which is an aerodynamic phenomenon found in VAWT blades
where the blades undergo an orbital motion and thus experience a curvilinear flow.
For a fixed total lift, the lift producing efficiency (lift per unit power) of a cycloidal
rotor increases with c¢/R until the value of 0.67, but the optimum value of c¢/R for
maximal thrust per unit power decreases from 0.67 to 0.55 when the forward speed
Is increased from 5 to 9m/s, as reported in reference [4]. Then, Benedict et al. [7]
clarified that the power loading of the cyclorotor is strongly dependent on ¢/R and
the higher power loading is achieved by the higher ¢/R. They also conclude that the
optimum ¢/R is around 0.5-0.8, depending on the blade pitching amplitude.

Motivated by the studies mentioned above, the goal of this work is to study the
influence of two important parameters, namely the pitching kinematic and the chord-
to-radius ratio, on the performance of a two-bladed cycloidal rotor, with special
emphasis on the performance variation induced by the flow structures under various
conditions. Therefore, various symmetrical/asymmetrical pitching kinematics and
values of chord-to-radius ratio are studied in the present work. It believes that
analyzing in detail the flow structures at different operating conditions can provide
some design recommendations for cycloidal propellers eventually.

2.  Numerical setup
2.1 Propeller geometry and operating conditions

The cycloidal propeller consists of two blades with NACAQO015 profile. The lift
and propulsive force are produced in vertical and horizontal directions, respectively,
due to the continuous change of the relative incidence. The initial azimuthal angle
starts from the negative X axis along the clockwise direction, while the phase angle
@ changes from the positive Y axis in anti-clockwise direction, which is shown in
figure 1. For the symmetrical pitching kinematic, the mean pitch angle 6o is equal to
0° and the pitching amplitude 64 is changed. However, the mean pitch angle 6 also
varies to investigate the asymmetrical effect of the pitching kinematic. A sketch of
relative incidences and forces of two blades with a symmetrical pitching and an
asymmetrical pitching are shown in figure 2. The symmetrical pitching means that
the blade at y=0" and 180" has the same magnitude of the angle-of-attack, while the
values of the incidence at these two positions are different for the asymmetrical
pitching, as presented in figure 2c (0°-15° indicates the combination of the mean pitch
angle and pitching amplitude). Obviously, in figure 2a and 2b, when the blade moves
with different pitching kinematics, the forces on two blades are totally different,
leading to the different flow structures and blade loadings. The influence of the
Reynolds number is studied by modifying the rotation speed and inlet velocity at the
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same time, while only the rotation speed is changed to clarify the effect of the
advance coefficient 2. With the consideration of both two parameters, involving the
blade chord length ¢ and rotating radius R, the rotating speed and rotor radius vary
simultaneously, to discuss the impact of c/R for different blade chord lengths. The
information about the geometry of the cycloidal propeller and the working conditions
are listed in Table 1.

-60

T T T T T T T T 1
0 40 80 120 160 200 240 280 320 360
174

(c)
Fig.2 Force sketch and relative incidences. (a) =35sin(y+n/2); (b) 8=-5+35sin(y+n/2); (c)
Different pitching kinematics.

Table 1 Main geometrical parameters and working conditions.

Blade profile NACAQ0015
Blade number (Np) 2
Inlet velocity (Ug (m/s)) 3-11
Chord-to-radius ratio (c/R) 0.29-1.12
Pitch-pivot-point (x/c) 25%
Mean pitch angle (6, (°)) 0=00t0asin(y+P) (-15, -10, -5, 5, 10, 15)
Pitching amplitude (6a (%)) 15, 25, 35,45, 55
Rotating speed (n (r/min)) 600-3960
Advanced coefficient (1) 2=Uo/wR (0.33-0.75)
Reynolds number (Re) Re = \JUZ + (wR)%c/v (1.47x10°-5.41x10*)
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2.2 Turbulence modelling

The SST y — Rey, four-equation transition model, is adopted here to account
for laminar-turbulence transition, as the propeller considered in this work is operating
at quite low Reynolds number. The original SST k- model combines two basic
turbulence models, k-¢ model predicting the free-stream flows and k-w model that is
applied to the near-wall flows. The superiority of SST k- model is the ability to
achieve a good behaviour in adverse pressure gradient and separating flows [14-15].
Two additional transport equations, for the intermittency y and the transition onset
momentum thickness Reynolds number Reg,, were included by Menter et al. [16-17],
to trigger the onset of flow-separation induced transition. The formulation of this
four-equation turbulence model is given by:

%(pk) + aixj (pujk) = Py — D + aixj ((# + O lhe) %},) 1)

%(pw) n aix,-(puf‘“) = a’;—’: —D,+2(1-F %j—f:}j—: + a%j((u + awut)j—z> (2)
He = #ﬁ.ﬁz) (3)

%(PV)"‘E,%](PUJV) :PV_EY_I_aixj((H-I_Z_;):_L) (4)

%(pﬁégt) + aix] (Pujﬁéet) = Pg¢ + aixj (O'Bt(.u + Ue) afjjt) ()

Then, the effective intermittency y.sr is used to modify the production and
destruction terms in k equation, which is shown as follows

Py = VesPi; Dy = min(max(yess,0.1),1.0)Dy (6)

where p is the density of the working fluid, k is the turbulent kinematic energy, w is
the turbulence specific dissipation rate, P, and D,, are the production and destruction
terms in k equation, D, is the destruction term in w equation, u, is the turbulence
dynamic viscosity, F; and F, are two functions related to the distance to the wall, S
is the shear strain rate. In the transition model, B, and E,, are the production and

destruction terms in y equation, while Py, is the production term in Rey, equation.
The detailed correlations and magnitudes of some constants can be found in
references [14, 16-17]. This model is quite robust because the intermittency has no
direct relationship with the momentum equations. Additionally, it has already been
applied to many engineering flows successfully [18-20].



2.3 Computational configuration and meshing

From the propeller rotating center, the two-dimensional rectangular
computational domain extends 10c upstream and 30c downstream, where c is the
chord length. The distance from the rotating center to the top and bottom walls is 10c.
In figure 3, a hybrid mesh is used, involving trimmed cells in the free-stream region
and prism layer cells near the wall. The sliding mesh method is employed to connect
four different sub-domains, namely (i) two small rotating circles (SRC) that contain
the blades and rotate according to each blade movement; (ii) a large circle (LRC) that
rotates at the rotation speed of the propeller; (iii) the external domain. The mesh is
refined in the three rotating parts and in the wake region to capture the details of the
unsteady vortical flows. Furthermore, to capture the transition accurately, the meshes
near the two blade surfaces are also refined along the streamwise direction. The total
number of cells is close to 0.7 million. Some more details about the mesh are given
in Table 2. The influence of the mesh resolution on the numerical results was
discussed in our previous work [21] in the same configuration and the present setup
was eventually validated, so it is used hereafter in the present paper.

IEEEEREEEEENERREERL

0.1

0.1

YR
Q
YR

-0.2

03F

0.4

i
\\\\\
|||||||
||||||||||||||
.............

-1.2 -1.1 -1 -0.9

0
X/R X/R

(a) (b)

Fig.3 Mesh distribution. (a) Computational domain; (b) Mesh near the airfoil surface.

Table 2 Information of the mesh distribution

Target size of | Minimum size | Target size of | Minimum size | Distance of the | Number | Thickness
the mesh in of the mesh in the mesh in | of the mesh in first layer to of the | of the prism
LRC (m) LRC (m) SRC (m) SRC (m) the wall (m) prism layer (m)

layer
6x1077 6x1077 2x1077 2x107 3.4x108 65 2x10°3




2.4 Numerical Setup

The computations are performed with the code STARCCM +, which is based
on the finite volume method to calculate the transport of the physical quantities on a
discretized mesh. For the boundary conditions, a constant inlet velocity and a fixed
outlet pressure are applied. The top and bottom walls are set as symmetrical planes
to avoid any wall effect. A no-slip wall condition is applied to the airfoil surface. The
all y* wall treatment is used, and the maximal y* does not exceed 0.5 at any position
in a revolution. The influence of the time-step, the level of convergence, and the inlet
boundary conditions (turbulence intensity and eddy viscosity ratio), were discussed
in our previous work [21] and the conclusions are used here to select these different
parameters.

3. Results and discussion

3.1 Influence of the pitching kinematic

The asymmetrical pitching is tested by changing the mean pitch angle 6o, and
the results are compared to the ones obtained with symmetrical pitching kinematics.
When the blades operate with symmetrical pitching, the effects of inlet velocity and
rotating speed are presented firstly by plotting the performance curves in figure 4,
including the time-averaged lift, propulsive force, and power coefficients, as well as
the calculated efficiency. In these test cases, the blade chord length is 0.0495m and
the chord-to-radius ratio is 0.65. The pitching amplitude is kept constant and equal
to 35". The non-dimensional lift, propulsive force, power coefficients and efficiency

- : _ FL _ Fpr _ p
are defined as follows: C; = YT Cpr = 05eprUZec’ CPOWer = 5ol Ee
Fpp*xU . . . . . .
n= % (where F is the lift, Fpr is the propulsive force and P is the power). With

the increase of A at constant inlet velocity, the lift, propulsive force and power
coefficients decrease significantly, and the efficiency slightly improves initially and
then completely drops, which means that the combination of inlet velocity and
rotation speed is crucial to obtain an optimized performance. When A varies from
0.47 to 0.56 by increasing both the inlet velocity and the rotating speed, the efficiency
of the cycloidal rotor system improves remarkably, from 28.82% to 41.63%. In
addition, at low inlet velocity, although the propulsive force at low advance
coefficient is large, the efficiency is still relatively low because of the large power
required. Simultaneously, it is also observed that the lift coefficient has some
difference under small A condition, especially for the cases with low inlet velocity.
Six points at the best efficiency, including 1=0.47 for Up=3m/s, 4=0.50 for Ug=4m/s,
2=0.52 for Uo=5m/s, 1=0.54 for Ug=6m/s, 1=0.55 for Uo=7m/s and 1=0.56 for
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Uo=8m/s, are selected to study the influence of the pitching kinematic on the
performance of the propeller and the flow structures around the blades.
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Fig.4 Performance curves at different 4. (a) Lift coefficient; (b) Propulsive force coefficient; (c)
Power coefficient; (d) Efficiency.

The distributions of spanwise vorticity obtained in cases of symmetrical and
asymmetrical pitching kinematics are displayed in figure 5 at =0". The asymmetrical
pitching is controlled by changing the mean pitch angle, and the pitching amplitude
remains unchanged with a value of 35". The inlet velocity is Uo=5m/s, and the
corresponding advance coefficient is 0.52. For the symmetrical pitching, when the
pitching amplitude is increased (figures 5a to 5c¢), vortices shed in the wake of blade
A have a stronger interaction with blade B. Additionally, at a pitching amplitude of
15°, it is clear that wake B interacts with wake A. At high pitching amplitude, there
Is also an interaction between blade B and wake B, which indicates that there is a
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transition from wake A-wake B to wake B-blade B, and finally wake A-blade B
interactions. Besides, the massive flow separation is visible on the left side of blade
A when the pitching amplitude is 55°, which certainly greatly impacts the blade
loading. When the mean pitch angle is equal to 5° (the amplitude being the same), the
global flow pattern remains similar (see figures 5b and 5d), but the flow starts to
separate at the leading edge of blade A, on its left side. With a mean pitch angle of
-5°, blade B has a large risk of interaction with the vortices shed in the wake of blade
A. Moreover, on the right side of blade A, there is a substantial flow separation.
Finally, as the mean pitch angle increases to 15° or -15°, wake A is more likely to
interact with blade B and there is also an obvious interaction between the leading
edge and the trail vortices of blade B. Globally, the flow structures over the two
blades are much different in these different configurations. For example, some flow
separation is detected on the left side of blade A in figure 5f, while it is on the right
side of the blade in figure 5g, where it also occurs on blade B. Thus, it can be
concluded that the complicated flow field within a cycloidal rotor, involving different
kinds of blade-wake, wake-wake interactions and massive flow separation over the
two blades, depends considerably on the pitching kinematics, especially for the
symmetrical pitching with large amplitude and asymmetrical pitching with large
mean pitch angle.
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Fig.5 Flow structures for different pitching kinematics. (a) #=15"sin(y+n/2); (b) =35’
sin(y+m/2); (c) 8=55"sin(y+n/2); (d) 6=5+35'sin(y+n/2); (€) 6=-5+35"sin(y+n/2); (f) 6=15’
+35" sin(y+n/2); (g) 0=-15"+35"sin(y+n/2).

In figure 6, the performance curves are plotted at the best efficiency conditions
shown in figure 4d, for different pitching kinematics. For the symmetrical pitching,
the lift coefficient exhibits no significant change at different 1 when the pitching
amplitude does not exceed the value of 35°. For the pitching amplitude between 35
and 55°, the lift coefficient increases dramatically when 4 is larger than 0.5. When the
mean pitch angle is negative, the lift coefficient has an evident increase, while the
trend is opposite in cases with the positive mean pitch angle. It can be observed that
the symmetrical pitching with amplitudes of 45° and 55  produce the largest
propulsive force coefficient, which increases significantly with A. Conversely,
pitching amplitudes lower than 25° generate the lowest propulsive force coefficient,
which even decrease more at large A. At fixed amplitude, the propulsive force
coefficient obtained with a positive mean pitch angle increases slowly with 4 while
it shows the opposite trend for a negative mean pitch angle. Figure 6¢ shows that the
symmetrical pitching with large amplitude and the asymmetrical pitching with large
negative mean pitch angles are more power-consuming than other cases, which is
related to the energy loss induced by the more complex internal flow structures. At
the same 4, though the propulsive force coefficient predicted by the symmetrical
pitching with large amplitude is much larger, the efficiency remains similar, due to
the large power. The asymmetrical pitching with negative mean pitch angle shows
the worst performance in term of the efficiency, compared with the cases with a
positive mean pitch angle. Thus, it can be concluded that the asymmetrical pitching

with a positive mean pitch angle of 5° leads to the best global performance.
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Two cases with symmetrical pitching and three cases with asymmetrical
pitching at 1=0.52, are calculated to investigate the performance of both the propeller
and a single blade during one rotation, as shown in figure 7. It is found that the
symmetrical pitching with an amplitude of 55° produces the largest lift and propulsive
force coefficients. Relatively high values of lift coefficients are obtained by the
asymmetrical pitching with negative mean pitch angle, followed by the symmetrical
pitching with amplitude of 35°. Evidently, the cases with a positive mean pitch angle
generate the lowest lift coefficient, but a higher propulsive force coefficient, as
shown in figure 7b. Based on the performance evolution of the single blade, it can be
seen that the difference of vertical force coefficient production for different cases
becomes larger gradually when the azimuthal angle exceeds 160°, which is closely
associated with the distribution of relative incidence shown in figure 2c.



Simultaneously, the differences in the propulsive force coefficient are observed
during almost all the cycle. Consequently, two azimuthal angles of 35° and 123,
coupled with two positions at w=35" and 160°, are analyzed in more detail to explain
the difference of vertical force and propulsive force coefficients, respectively, for
five pitching kinematics. At the same time, the locations of 15°, 75" and 147,
represented by the dash lines in figure 7b, are employed to describe the large variation
of propulsive force coefficient for the symmetrical pitching with amplitude of 55°.
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Fig.7 Performance curves for various pitching kinematics in a revolution. (a) Lift coefficient of
the rotating system; (b) Propulsive force coefficient of the rotating system; (c) Lift coefficient
of a single blade; (d) Propulsive force coefficient of a single blade.

The pressure distributions and flow filed at w=35" are displayed in figure 8 for
different cases. As a supplement, the forces (lift and drag) and pressure coefficients
of two blades are also shown to describe the force difference. For blade A (left blade),
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three distinctive vortex structures are attached on the left surface when the pitching
amplitude is 55°, which was also observed by Choudhuri and Knight [22] on a
pitching airfoil at Re=1x10% Recently, Tseng and Hu [23] applied Lagrangian
coherent structures (LCS) to a pitching airfoil operating at Re=4.5x10%and captured
the co-existence of the leading-edge vortex (LEV), vortex A and B. They clarified
that the generation of vortex B is due to the existence of vortex A which separates
the connection between the shear layer and the LEV. Moreover, vortex A rotating in
the opposite direction compared with vortex B and LEV, is mainly formed by the
reverse flow from the other side and the fluid flow around the outer edge of LEV. In
figure 8d, a series of roll-up vortices emerge in the laminar boundary layer. On a
pitching airfoil, Negi et al. [24] found that these vortices are the main sources of
laminar boundary layer instability when LSB is absent. In addition, it is reasonable
that the transition model is easily subjected to the disturbances. When the positive
mean pitch angle is small, vortex B occupies a large part of blade surface and LEV
has already shed into the wake. However, as the mean pitch angle increases to 10°,
vortex B is at the development stage and the LEV still remains near the trailing edge.
For the case with a mean pitch angle of -5°, only a small scale is visible on the left
side. Based on the velocity figures, it seems that the flow structures on the two sides
of blade A depend on the position of the stagnation point due to the relative angle-
of-attack. For an instance, in figure 8e, the stagnation point shifts towards the right
side, leading to a relatively weak flow separation, compared with the case in figure
8d. However, the flow separation on the left side is stronger. Although the flow over
blade A is more complex, the vertical force shown in figure 7c for different cases are
almost the same. This is related to the balance of lift and drag components, presented
by the force analysis in figure 8a.

On the suction side of blade B (right blade) in figure 8j, there is a large amount
of vortex, like on the left side of blade A, resulting in the extremely low pressure.
Because the lift of the rotating system is mainly produced by blade B, the vertical
force provided by symmetrical pitching with large amplitude has the largest value.
Meanwhile, due to the relatively small pressure difference in figure 8c for the case
with mean pitch angle of 10°, the lift of the rotating system is the smallest. When the
mean pitch angle is negative, a laminar separation bubble (LSB) is detected near the
leading edge.

Then, the propulsive force at this location also exhibits much difference in
various cases. Blade A generates a negative propulsive force while a positive
propulsive force is produced by blade B, shown in figure 7d and 8a. For the case with
a mean pitch angle of -5°, blade A has the largest pressure difference, resulting in a
large negative propulsive force. Simultaneously, the positive propulsive force
provided by blade B is also large due to the large pressure difference in figure 8c.
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Therefore, the propulsive force of the rotating system has a relatively large magnitude.
Similarly, for the symmetrical pitching with an amplitude of 35°, because of the small
lift generated by blade B, the positive propulsive force is smaller than the negative
propulsive force produced by blade A, so the total propulsive force has the lowest
value. In general, it can be concluded that the lift of the rotating system is determined
by blade B while both blade A and B are responsible for the propulsive force at y=35",
which is closely associated with the pressure difference of two blades.
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Fig.8 Flow structures for various pitching kinematics at y=35’. (a) Sketch of force; (b) Pressure
distribution of blade A; (c) Pressure distribution of blade B; (d) and (i) 0°-35"; (e) and (j) 0°-55";
(f) and (k) 5°-35"; (g) and (I) 10°-35"; (h) and (m) -5°-35'".

Then, figure 9 shows the flow field over the surfaces of two blades at =123,
when the lift of the rotating system is dropping as shown in figure 7a. At this position,
the blade A is experiencing the retreating side, and the flow separation mainly
emerges on the suction side at the trailing edge, where the trailing edge vortex (TEV)
interacts with the LEV, especially for the case in figure 9d. For the symmetrical
pitching with an amplitude of 55°, the flow is relatively smooth on the suction side,
but the pressure is sufficiently low due to the large relative incidence. When the mean
pitch angle is 10°, a large-scale vortex remains near the trailing edge on the pressure
side, resulting in the pressure drop visible in figure 9b. According to the force sketch
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in figure 9a, the lift component is larger than the drag component, especially for the
symmetrical pitching with an amplitude of 55°, which is producing the large blade
loading, resulting in the negative vertical force of blade A shown in figure 7c.

The lift of blade B has not the same direction for various pitching kinematics.
For example, for the case in figure 9m, due to the presence of the LEV on the upper
surface, the resultant lift of blade B is upward (the opposite direction in figure 9a).
However, when the blade operates with the symmetrical pitching with an amplitude
of 55" or an asymmetrical pitching with positive mean pitch angles, the lift of blade
B is downward, as shown in figure 9a, creating the negative vertical force. When the
mean pitch angle is 10°, the large pressure difference in figure 9c leads to the
generation of a large lift on blade B, so the vertical force in figure 7c has a large
negative value. It can be seen that the lift direction of blade B has a close relationship
with the stagnation point location. When the stagnation point shifts towards the upper
surface, the flow separation occurs on the lower surface, resulting in the downward
lift. Finally, it can be concluded that the lift difference of the rotating system for
various cases is generally caused by the lift direction of blade B because of the
stagnation point location.
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Fig.9 Flow structures for various pitching kinematics at y=123". (a) Sketch of force; (b)
Pressure distribution of blade A; (c) Pressure distribution of blade B; (d) and (i) 0°-35"; (¢) and
(j) 0°-55"; (f) and (k) 5°-35"; (g) and () 10°-35"; (h) and (m) -5>-35".

At w=160’, in figure 7b, the propulsive force shows large differences between
the symmetrical pitching with an amplitude of 55° and the asymmetrical pitching with
a negative mean pitch angle. Thus, the flows over the two blade surfaces are
displayed in figure 10. The separation flow only appears on the suction side of blade
A when the blade has the symmetrical pitching. With the increase of the pitching
amplitude, the flow separation is more obvious in figure 10e due to the relatively
large incidence. From the pressure distribution in figure 10b, it seems that the
pressure on both sides for the symmetrical pitching with large amplitude differ from
that for other cases, as a consequence of the incidence and stagnation point location.
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At this position, the propulsive force of blade A is positive because of the upward
lift, but its value is relatively small for the case with mean pitch angle of 10°, as shown
in figure 10b.

Then, because the stagnation point is moving towards the upper side, the vortex
structures mentioned in figure 8 occur on the lower surface for the symmetrical
pitching with large amplitude and the asymmetrical pitching with positive mean pitch
angles. Therefore, the lower pressure on the suction side produces the downward lift,
creating the positive propulsive force of blade B, which is shown in figure 10a. Due
to the large pressure difference in figure 10c, the propulsive force of the rotating
system for symmetrical pitching with large amplitude and asymmetrical pitching
with large positive mean pitch angle, has the largest magnitude. But for asymmetrical
pitching with negative mean pitch angle, the flow separation is on the upper side and
the resultant lift is upward, leading to the generation of negative propulsive force.
Therefore, although the blade A can produce the relatively large positive propulsive
force, the total propulsive force for the rotating system is the smallest. In general, the
total propulsive force is determined by the two blades, especially for blade B, because
the lift direction is different for various pitching kinematics, depending on the angle
of attack, which changes the stagnation point and flow structures significantly.
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Fig.10 Flow structures for various pitching kinematics at y=160’. (a) Sketch of force; (b)
Pressure distribution of blade A; (c) Pressure distribution of blade B; (d) and (i) 0°-35"; (¢) and
(j) 0°-55; (f) and (k) 5°-35"; (g) and () 10°-35"; (h) and (m) -5>-35".

Figure 11 shows the flow structures for the symmetrical pitching with an
amplitude of 55° at three azimuthal angles, namely 15°, 75° and 147", to clarify why
the total propulsive force has large variations at these positions. At y=15", the
pressure difference on blade B is much larger than that on blade A, as shown in
figures 11a and 11b. On the left side of blade A, three kinds of vortex nearly cover
the large part of the surface, but the low pressure on the aft part recovers obviously.
Furthermore, the LSB, triggering the transition, is located near the leading edge of
blade B and then the flow separation occurs near the trailing edge. At this instant,
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due to the large pressure difference of blade B, the positive propulsive force of the
rotating system has the maximal value.

As y increases to 75°, on both sides of blade A, the massive flow separation is
evident. The component of lift produces a negative propulsive force, but its
magnitude is relatively small due to the blade loading in figure 11a. Meanwhile, the
blade B can still produce the upward lift owing to the pressure drop on the trailing
edge of upper surface, leading to the negative propulsive force. Consequently, the
rotating system has the peak of negative propulsive force.

Finally, at w=147", the rotating system has the positive peak of propulsive force,
as a consequence of the large positive propulsive force generated by blade A because
of the large blade loading in figure 11a, which is quite similar to the situation at
w=160". At the same time, blade B creates a downward lift, which can produce the
positive propulsive force. However, the loading is smaller on blade B than on blade
A, so the positive propulsive force of blade B is much smaller.
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Fig.11 Flow structures of two blades for symmetrical pitching with amplitude of 55° at different
w. (a) Pressure distribution of blade A; (b) Pressure distribution of blade B; (c) and (d) y=15";
(e) and (f) y=75"; (g) and (h) w=147".

3.2 Influence of the chord-to-radius ratio

3.2.1 At same advance coefficient 4 and Reynolds number Re

The blade chord-to-radius ratio is one of the critical parameters that can affect
the performance of both the cycloidal rotor system and the single blade. Most
previous studies only consider one of them, which is not appropriate for a better
design of some high-performance propulsive devices. In the present work, both of
these two parameters, namely the blade chord length ¢ and rotor radius R, are
considered. With a fixed blade chord, both the rotating speed and the rotor radius are
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changed, to vary the chord-to-radius ratio while keeping the advance coefficient and
the Reynolds number unchanged. Then, the influence of the blade chord length is
evaluated at the same 4 and Re. In figure 12, it seems that with the increase of ¢/R
until the value below 0.65, the lift coefficient of the rotating system increases, which
Is almost the same for different blade chord lengths. After that, it has a rapid rise for
¢=0.0495m. The propulsive force coefficient obtained with different blade chords is
quite similar, characterized by the curves that have a rise from ¢/R=0.30 to 0.45
initially and an obvious drop after that. Then, the power coefficient increases firstly
and then has a slight decrease, and finally increases again significantly at relatively
large ¢/R, which is due to the more complicated flow structures when the two blades
are quite close caused by the decrease of R. As a result, the best efficiency is around
¢/R=0.45, but the magnitude increases with the blade chord length. As c/R increases,
due to the increase of the power and decrease of the propulsive force, the efficiency
of the rotating system decreases obviously. Generally, a too small or too large rotor
radius is not beneficial to the global performance, so an appropriate value of ¢/R is
necessary to achieve the high efficiency.
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Fig.12 Performance curves at 4=0.52 and Re=2.46x10%. (a) Lift coefficient; (b) Propulsive force
coefficient; (c) Power coefficient; (d) Efficiency.
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Three cases with ¢/R=0.375, 0.45 and 0.60, at 1=0.52 and Re=2.46x10%, are
selected to study the detailed flow structures and their influence on the performance
of the rotating system and the single blade. The forces of the cycloidal rotor and
single blade are plotted in figure 13, for a fixed blade chord length equal to 0.0342m.
The results show that the lift coefficient of the rotating system increases with c¢/R,
while the propulsive force coefficient predicted by the case with ¢/R=0.45 is the
largest, as a result of the large propulsive force coefficient produced from =10’ to
90° and w=190" to 270°. Moreover, in figure 13c and 13d, it can be seen that the
vertical force coefficient of cases with ¢c/R=0.375 and 0.45 is nearly the same in a
rotating cycle, but has much difference compared with the case with ¢/R=0.6.
Similarly, except the region of y=0"-90’, the propulsive force coefficient obtained by
the case with ¢/R=0.6 has significant difference compared with other two cases. Thus,
two specific blade positions at w=45" and 142°, corresponding to the positive and
negative peaks of the lift coefficient, are adopted to analyze the internal flows.
Additionally, regarding the difference of propulsive force coefficient, the flow
structures obtained in the cases ¢/R=0.375 and 0.45 at w=180° and in the case
¢/R=0.60 at 160" (presented by the dash line), are investigated in detail.
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Fig.13 Performance curves for various ¢/R in a revolution. (a) Lift coefficient of the rotating

system; (b) Propulsive force coefficient of the rotating system; (c) Lift coefficient of single
blade; (d) Propulsive force coefficient of single blade.

In figure 14, with the combination of global flow morphology, pressure
distributions and relative velocity contours on the two blades, the lift differences at
w=45" are explained for various c/R. At this moment, wake A interacts with blade B,
which is more obvious with the increase of c/R because of the narrow distance
between the two blades. Similarly, wake B also has large possibility to contact with
itself. In general, as c/R increases, the vortex flow is more violent because it does not
have enough time to dissipate for two close blades. According to the pressure
distribution in figure 14d, it can be seen that due to the vortex attachment on the left
side of blade A, the blade loading for three cases have a remarkable difference.
However, the vertical force produced by blade A is almost the same, which is caused
by the balance of the lift and drag components, as shown in figure 13c. Therefore,
blade B becomes the main contributor to the global lift for the rotating system. It
should be mentioned that the pressure on the suction side changes considerably if the
rotating speed changes, which is equivalent to the change of pitching rate. Kim et al.
[25] reported that the reduced frequency of the pitching airfoil is the main factor
determining the unsteady boundary layer under low Reynolds number condition. The
stagnation point location changes the pressure distribution on both two sides for the
case ¢/R=0.60, which is shown in figure 14e. The resultant large pressure difference
leads to the large lift generated by blade B, leading to the large lift of the rotating
system.

The propulsive force created by blade A and B varies a lot in the three cases.
The components of both lift and drag of blade A produce a negative propulsive force,
especially for the case ¢/R=0.60, due to the large pressure difference visible in figure
14d. Then, blade B produces the upward lift, leading to the generation of a positive
propulsive force. The largest propulsive force of blade B results from the largest
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pressure difference shown in figure 14e. By the combination of two blades, the case
with ¢/R=0.45 shows the best performance regarding the positive propulsive force.
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Fig.14 Flow structures for various c/R at y=45’. (a) Global flow structure for ¢/R=0.375; (b)
Global flow structure for ¢/R=0.45; (c) Global flow structure for ¢/R=0.60; (d) Pressure
distribution of blade A; (e) Pressure distribution of blade B; (f) and (i) ¢/R=0.375; (g) and (j)
¢/R=0.45; (h) and (k) ¢/R=0.60.

As  increases up to 142°, the lift coefficient of the rotating system experiences
a negative peak. The global flow structures for different cases are relatively smooth,
but the wake shedding from blade A will likely interact with wake B when ¢/R is
large (see figure 15c¢). The flows on two sides of blade A are quite smooth, and only
small-scale vortices are observed on the pressure side. But the pressure difference on
blade A in the case ¢/R=0.60 is very large, causing a large negative vertical force on
blade A, which is shown in figure 13c. Then, blade B is the main contributor to the
total lift. On suction side of blade B, the three-vortex-structure and other scales are
attached, which has a great impact on the pressure distribution. At this instant, blade
B generates the downward lift, resulting in the negative lift of the rotating system.
Meanwhile, because of the large pressure difference in the case ¢/R=0.375 (figure
15e), blade B has the largest negative vertical force compared with the other cases,
causing the production of the largest negative lift of the rotating system. By
comparing the two blades, it is concluded that blade B still generates most of the lift
for the rotating system.
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Fig.15 Flow structures for various c/R at y=142’. (a) Global flow structure for ¢/R=0.375; (b)
Global flow structure for ¢/R=0.45; (c) Global flow structure for ¢/R=0.60; (d) Pressure
distribution of blade A; (e) Pressure distribution of blade B; (f) and (i) ¢/R=0.375; (g) and (j)
¢/R=0.45; (h) and (k) ¢/R=0.60.

In figure 16, the flow structures at positions =160 (case ¢/R=0.6) and y=180
(cases c/R=0.375 and 0.45) are presented. Globally, the flows obtained with
¢/R=0.375 and 0.45 are extremely similar, as well as the pressure distribution and
near-wall flow around blade A. However, the flow structures for the case ¢/R=0.60
differ from the other two cases, due to the different azimuthal angles. In figure 16c,
wake A has already contacted with the leading edge of blade A and the wake B is
more intense. Blade A generates the upward lift, which can produce the positive
propulsive force, but its magnitude is quite similar in cases ¢/R=0.375 and 0.45, due
to the pressure distribution in figure 16d. However, the attached vortex on the suction
side of blade B has a great impact on the pressure, especially for the case ¢/R=0.375,
leading to the larger propulsive force of the rotating system, compared with the case
¢/R=0.45. Thus, for these two cases, blade B is still dominant due to the influence of
the large-scale vortex attached on the suction side.

For the case ¢/R=0.60 at w=160’, the high lift of the rotating system is mainly
created by blade A, due to the large blade loading (figure 16d). Here, blade A is
almost vertical, so the lift can provide the positive propulsive force. In addition, blade
B can also produce the positive propulsive force as a consequence of the downward
lift, but its magnitude is smaller than that the one given by blade A, as shown in 13d.
For the single blade performance, the existence of the three-vortex -structure near the
airfoil leading edge results in the low pressure and then the significant pressure
recovery is observed after the reattachment. Afterwards, several small-size vortices

bring about the pressure fluctuations, as shown figure 16e and 16k.
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Fig.16 Flow structures for various ¢/R at =160 and 180°". (a) Global flow structure for
¢/R=0.375; (b) Global flow structure for c/R=0.45; (c) Global flow structure for ¢/R=0.60; (d)
Pressure distribution of blade A, (e) Pressure distribution of blade B; (f) and (i) ¢/R=0.375; (g)

and (j) ¢/R=0.45; (h) and (k) ¢/R=0.60.

3.2.2 Influence of the Reynolds number Re

The influence of the Reynolds number on the global performance is
investigated at 1=0.52 by changing the inlet velocity and rotating speed. Figure 17
presents the performance curves at various Re for different ¢/R. When ¢/R is constant,
the lift coefficient increases slowly with Re, while it is more obvious at a fixed Re as
c¢/R increases. For the distribution of propulsive force coefficient, it seems that the
highest values are obtained in cases with ¢/R=0.43, 0.45 and 0.47, especially at
extremely low Reynolds number. The power coefficient in the case ¢/R=0.67 has the
largest magnitude, leading to the lowest efficiency (figure 17d). Then, the power
coefficient for the cases ¢/R=0.43, 0.45 and 0.47 decreases significantly with the
Reynolds number. Consequently, the efficiency increases obviously with Re because
of the slight decrease of the propulsive force coefficient.
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In figure 18, three cases with ¢/R=0.45, at different Reynolds numbers, are
selected to demonstrate the force difference generated by both the rotating system
and the single blade. It can be seen that there is not much difference of lift coefficient
between three cases during a cycle, but the propulsive force coefficient shows some
differences at some positions. Evidently, the performance of the cycloidal rotor and
single blade obtained at low Re is very different from the two other cases. Therefore,
the lift coefficient at =110 and the propulsive force coefficient at =35 and 180",

are adopted to perform a deeper analysis of the flow structures.
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Figure 19 shows the flow structures at =110 for cases at different Re. Inside
the cycloidal rotor, the most noticeable event is the wake A-wake B interaction,
which is stronger at high Re. The complicated vortical flows at large Re is responsible
for the higher power consumption observed in figure 17 (the actual value of the
power increases with Re). Then, at this position, the vertical force of blade A is very
small, because of the small pressure difference (figure 19d) and the balance between
the lift and drag components in the vertical direction. The flow on blade A is
relatively smooth and the flow separation only occurs at the trailing edge on the
suction side. Thus, it indicates that the lift of the rotating system is mainly generated
by blade B because of the downward lift, especially for the case Re=1.47x10%, due
to the large pressure difference induced by the stagnation point location in figure 19e.
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Fig.19 Flow structures for various Re at y=110’. (a) Global flow structure at Re=1.47x10%; (b)
Global flow structure at Re=3.44x10%; (c) Global flow structure at Re=5.41x10*; (d) Pressure

distribution of blade A; (e) Pressure distribution of blade B; (f) and (i) Re=1.47x10% (g) and (j)
Re=3.44x10% (h) and (k) Re=5.41x10%.

At position y=35", the global propulsive force coefficient for the cases
Re=3.44x10* and 5.41x10* is almost the same, but not anymore when the Reynolds
number is 1.47x10% Consequently, the flow structures are displayed in figure 20. At
this position, wake A has a high risk of colliding with the leading edge of blade B,
especially at high Re. Simultaneously, wake B rolls up, resulting in the wake B-wake
B interaction. Then, on the pressure side of blade A, a large-scale separation vortex
is attached at Re=1.47x10% but it splits into two connecting vortices when Re
increases. After the reattachment point, the pressure recovery is obvious at low Re.
Simultaneously, the flow separation at the trailing edge on the suction side, has a
great effect on the pressure, resulting in the large pressure difference at low Re. As a
result, the large amplitude upward lift is generated on blade A, producing the negative
propulsive force. For blade B, the upward lift towards the suction side creates a
positive propulsive force, but the magnitude is relatively small at low Re, because of
the blade loading (figure 20e). Finally, by the combination of two blades, it concludes
that the total propulsive force obtained at Re=1.47x10* is the smallest, compared with
that of two other cases.
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Fig.20 Flow structures for various Re at y=35". (a) Global flow structure at Re=1.47x10% (b)
Global flow structure at Re=3.44x10%; (c) Global flow structure at Re=5.41x10*; (d) Pressure
distribution of blade A; (e) Pressure distribution of blade B; (f) and (i) Re=1.47x10% (g) and (j)
Re=3.44x10% (h) and (k) Re=5.41x10%.

When approaching the position y=180°, the two blades change the initial
position each other. The global propulsive force obtained with various Reynolds
numbers has a positive peak, but it is the largest for Re=1.47x10* Therefore, the flow
filed is shown in figure 21. At high Reynolds number, the flow is more disordered,
characterized by the complex shedding in the wake of the two blades and wake A-
blade A interaction. Although there is flow separation near the trailing edge on blade
A at Re=1.47x10* and 3.44x10%, the blade loadings are nearly the same for the three
cases (figure 21d). Thus, the predicted propulsive force generated by blade A is quite
the same at three Re in figure 18d. However, the flow pattern over the suction side
of blade B is different in the three cases, especially at low Re, when three distinct
vortex structures attach on the suction side, leading to the very low pressure, as
shown in figure 21e. Hence, the downward lift generated by blade B is responsible
for the large value of the positive propulsive force. Finally, the propulsive force of
the rotating system is the largest at low Re.
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Fig.21 Flow structures for various Re at y=180’. (a) Global flow structure at Re=1.47x10%; (b)

Global flow structure at Re=3.44x10%; (c) Global flow structure at Re=5.41x10*; (d) Pressure

distribution of blade A; (e) Pressure distribution of blade B; (f) and (i) Re=1.47x10% (g) and (j)
Re=3.44x10% (h) and (k) Re=5.41x10%.

3.2.3 Influence of the advance coefficient 4

The influence of the advance coefficient 4 on the performance and the flow
structures for different c/R is discussed in the following section only by changing the
rotating speed. The performance curves are plotted in figure 22. For a fixed c/R, the
lift coefficient decreases with the increase of A, while it increases with c/R at a
constant /. The propulsive force and power coefficients show the same trend, i.e. a
decrease when /4 increases, but it only slightly depends on c/R. The efficiency exhibits
a slight increase initially and then decreases dramatically with the increase of 4,
which indicates that the decrease rate of the propulsive force is larger than the power.
Generally, it is observed that the best efficiency is achieved around 4=0.45 for the
case ¢/R=0.45.
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Fig.22 Performance curves at different 1. (a) Lift coefficient; (b) Propulsive force coefficient;
(c) Power coefficient; (d) Efficiency.

The performance curves of both the rotating system and single blade are
displayed in figure 23, to investigate their differences for three 4. Compared with the
Reynolds number effect, it seems that the influence of 4 is more obvious. Actually,
both 4 and Re depends on the rotating speed, based on the definition of Re. However,
the influence of Re on the performance is very small, except when Re is smaller than
1.47x10% which is observed in section 3.2.2. The Re in the tested cases in this section
is much larger than 1.47x10%. Based on the following figures, it is observed that both
the lift and propulsive force coefficients are much larger at low A caused by the large
rotating speed. Additionally, the performance curves of the rotating system and
single blade vary considerably during a cycle. Thus, two positions, =45 and 135,
are selected to study the flow structures when the lift coefficient has a positive and
negative peak, respectively, while the azimuthal angle of 12° is used to clarify the
difference of the propulsive force coefficient.
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Fig.23 Performance curves at different 4 in a revolution. (a) Lift coefficient of the rotating

system; (b) Propulsive force coefficient of the rotating system; (c) Lift coefficient of single
blade; (d) Propulsive force coefficient of single blade.

The flow structures and pressure distributions on the two blades are presented
in figure 24 at three 4. At w=45’, the lift coefficient of the rotating system has a
positive peak. At low 4, the flow field is more complex due to the large rotating speed
and there is a clear wake A-blade B interaction. Besides, at high 4, the wake B also
interacts with itself, because it has enough time to contact because of the low rotating
speed. On the left side of blade A, there is a large flow separation vortex near the
leading edge. After that, the flow reattaches and then a vortex structure appears near
the trailing edge, which becomes weaker when A decreases. Further decreasing the
rotating speed makes the vortex structures nearly disappear. This phenomenon is
mainly caused by the stagnation point location. For an instance, at high 4, the
stagnation point is located on the left side, leading to the relatively smooth near-wall
flows. Although the attached vortex flows at 1=0.35 modify the pressure obviously,
as shown in figure 24d, the vertical force of blade A is almost the same for three
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cases. This is due to the balance of the lift and drag components in the vertical
direction and the small pressure difference produced by blade A.

On the suction side of blade B, at 1=0.35, a LSB is observed near the leading
edge. Then, after the reattachment location, the flow separation occurs near the
trailing edge, leading to the slight decrease of the pressure. With the increase of 4,
the flow on the suction side of blade B becomes gradually smoother. From the
distribution of pressure in figure 24e, combined with the velocity contours, it seems
that the stagnation point location is the main source for the pressure distribution on
both sides, which is due to the change of the relative velocity caused by the change
of the rotating speed. The blade B can produce the upward lift, resulting in the
generation of positive vertical force. And the drag can also create the positive vertical
force, so the rotating system has the largest positive lift at 4=0.35. Finally, the
conclusion is that blade B is responsible for the lift difference of the rotating system,
mainly caused by the stagnation point location.
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Fig.24 Flow structures for various 4 at w=45". (a) Global Flow structure at 1=0.35; (b) Global

Flow structure at 1=0.45; (c) Global Flow structure at 1=0.63; (d) Pressure distribution of blade
A; (e) Pressure distribution of blade B; (f) and (i) 4=0.35; (g) and (j) 4=0.45; (h) and (k) 1=0.63.

When the blade undergoes the retreating side, at =135’ the lift coefficient of
the rotating system has a negative peak, especially for the case at 1=0.35. The flow
structures at this instant are presented in figure 25. Globally, it shows no obvious
Interaction, however, the flow is more complex at low A. It detects that there are some
small-scale vortices inside the boundary layer on the pressure side of blade A, leading
to the pressure fluctuations in figure 25d. The blade A produces the downward lift,
whose component is balanced by the drag component in the vertical direction,
resulting in the lift of the rotating system close to zero, as shown in figure 23c. For
blade B, the main feature is that the vortices appear on the suction side, especially at
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4=0.63, where the three vortex structures develop. The largest negative lift of the
rotating system is obtained at 4=0.35, due to the downward lift generated by blade B
and the large pressure difference (figure 25e).
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Fig.25 Flow structures for various /4 at w=135". (a) Global Flow structure at 1=0.35; (b) Global
Flow structure at 1=0.45; (c) Global Flow structure at 1=0.63; (d) Pressure distribution of blade
A; (e) Pressure distribution of blade B; (f) and (i) 4=0.35; (g) and (j) 4=0.45; (h) and (k) 1=0.63.

Finally, the impact of 1 on the propulsive force difference of the rotating system
is clarified at wy=12°, where it has a positive peak. At low A, blade A is likely
interacting with wake B, but this is not the case when A increases. Moreover, at high
A, wake B has a strong interaction with itself because of the low rotation speed. When
it comes to the single blade, the near-wall flow structure and blade loading are very
different. The flow over blade A is relatively smooth and there is a flow separation
only at the trailing edge on the suction side. However, due to the location of the
stagnation point, the pressure on both two sides varies considerably according to 4.
Because of the large blade loading at low 4, blade A can produce large upward lift,
which is the main source of the large positive propulsive force of the rotating system.
Then, on blade B, the flow is more complicated and many vortices are attached to
the suction side. At low 4, the three-vortex-structure are obvious, nearly occupying
the whole blade surface. With the increase of 4, the flow becomes relatively smooth
and only a large-scale vortex appears on the suction side, which is attributed to the
shift of the stagnation point towards the suction side. The existence of the vortex
leads to a significant pressure drop, as shown in figure 26e, resulting in the large
blade loading at low A. The large downward lift creates a large positive propulsive
force, which is beneficial to the large positive propulsive force of the rotating system,
as shown in figure 23. Thus, the global propulsive force is determined by the two
blades at this position.
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Fig.26 Flow structures for various 4 at w=12". (a) Global Flow structure at 1=0.35; (b) Global
Flow structure at 1=0.45; (c) Global Flow structure at 1=0.63; (d) Pressure distribution of blade
A; (e) Pressure distribution of blade B; (f) and (i) 4=0.35; (g) and (j) 4=0.45; (h) and (k) 1=0.63.

4. Concluding remarks

In this work, the SST y — Rey, transition model was applied to investigate the
influence of the pitching kinematic and chord-to-radius ratio on the performance and
flow structures of a two-bladed cycloidal rotor. The main conclusions are listed as
follows:

(1) The asymmetrical pitching kinematic with a small positive mean pitch angle of
5" results in a highest efficiency of the cycloidal rotor, which results from the
moderate propulsive force and low power. Conversely, although the symmetrical
pitching with large amplitude and the asymmetrical pitching with large mean pitch
angles generate a high propulsive force, the efficiency is quite low as a result of the
complicated vortical flows leading to a higher power. Moreover, the asymmetrical
pitching with a negative mean pitch angle produces the high lift coefficient with A,
but a decrease of the propulsive force coefficient.

(2) Generally, the performance of the single blade shows that the difference of the
lift coefficient is mainly caused by blade B at advancing side, while it is induced by
the two blades for the difference of the propulsive force coefficient. Near the airfoil
surface, the flow structures are quite rich, including three vortex structures, roll-up
vortices, flow separation vortex at the trailing edge, LSB, LEV and TEV, and the
pattern of these vortices depends on the incidence importantly. When anlyzing the
forces on the single blade, it is interesting that when the blade undergoes the left side
of the advancing side (y=270"-360"), the lift direction is opposite for the asymmetrical
pitching with negative mean pitch angles compared with that in other cases, as a
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consequence of the stagnation point location caused by the different relative
incidences.

(3) At given 4 and Re, the cases with ¢/R=0.45 for different blade chord lengths
achieve the best efficiency. Then, at large c/R, the global flow structure is more
complicated and the performance is strongly impacted, due to the small distance
between two adjacent blades.

(4) When it comes to the influence of Re and 4, it seems that the effect of Re on the
performance is very small. However, at low Re, the propulsive force is significantly
different from the one obtained at relatively high Re. The advance coefficient 1 has a
large impact on the flow structures and the global performance, especially at low 4,
which is due to the large variation of the relative velocity induced by the change of
the rotation speed. It seems that at high 4, the wake at right side of the retreating side
(y=90°-180°) has a high risk in contacting with the blade, due to the low rotation
speed. It is found that the cases with ¢/R=0.45 at various Re or A obtain the best
efficiency.

(5 Except for the near-wall flow, the stagnation point location associated with the
boundary layer development is very critical to each blade loading. Changing the
rotating speed only is more influential on the results, compared with the case by
modifying the inlet velocity and rotation speed simultaneously, which is the main
reason why the effect of A is more obvious than Re.
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