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Abstract In the operation of cycloidal rotors the

flow structure deformation, and associated curvature,

limits the possibility of achieving an optimum work-

ing point. In this study, first, we started by performing

a detailed analysis of the start-up characteristics of a

cycloidal rotor in order to identify the evolution of

kinematic and dynamic characteristics of its operation.

Afterwards, we identified the effects of applying

multiple plasma boundary layer control, of dielectric

barrier discharge type. This application is defined in

both sides of the blades, since in cyclorotor movement

they change from pressure to suction side over one

blade rotation. A control law is defined to regulate the

operation of the plasma actuators as the rotor blade

move in azimuthal direction. The coupled multi-

physics simulation of the cyclorotor and plasma flow

is performed by adding to Fluent two user define

functions to model the complex cyclorotor movement

and the plasma momentum effect. The k-x SST

turbulence model is used in the computations. The

study is performed for a cyclorotor comprised of six

NACA 0016 blade profiles that rotate at 200 rpm. The

results demonstrate the advantage of using multiple

plasma actuators in order to control the blade flow

field. In particular, the configuration with six actua-

tors, three in each side, was the most effective, by

improving the thrust by 2.3%, as compared to the base

case, and achieving a reduction in power requirements

of 0.9%.

Keywords Cycloidal rotor � Start-up characteristic �
Multi-DBD plasma actuators � CFD � Active flow
control � Aerodynamics

1 Introduction

Nowadays, cycloidal rotor interest has been growing

and showing a higher level of attention for both

military and civilian applications, this rotary wing

shows a great capability of producing lift, thrust and

stable hover with vertical displacements in compar-

ison with those used in helicopters.

Figure 1 presents a three-dimensional schema of a

six blade cycloidal rotor device, the cyclorotor is a

system in which a rotating-wing device, comprising

several pitching blades, turns around an axis along the

span of the blade. Such mechanical system has the

capability of varying the blade pitch angle on a

rotation cycle [1] with the ability to vary the direction

and magnitude of the thrust vector, only by adjusting

the system eccentricity, phase angle, and magnitude.
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This important characteristic can enhance the behavior

of the aircraft for diverse applications.

Several analytical models were developed for

aerodynamic efficiency estimation of cyclorotor dur-

ing the last two decades. McNabb [2] introduce an

analytical model which included the unsteady aero-

dynamic theory of Garrick, for predicting the gener-

ated force and the power consumed by the cycloidal

rotor. However, this feature limits its application in

cases when experimental data is not available, making

it strongly dependent on calibration from experimental

results of the cycloidal rotor being studied. Later,

using an unsteady flow formulation with a stream tube

model, Benedict and Chopra [3] developed a 2D

blade-element model, there study shows that it can

provide rotor efficiency with sufficient accuracy.

Yun et al. [4] developed an analytical model based

on momentum theory and blade element theory and

presented a numerical and experimental study to

verify the performance and characteristic of an

unmanned aerial vehicle, they evaluated the potential

of cyloidal blades for VTOL focusing on hovering and

low speed forward flight. They concluded that this

system can be used as powerful vector thrusting in any

direction of the rotation. Monteiro et al. [5] in there

study and further in [6], proposed new models for

cyclorotors in a hovering state including real blade

motion imposed by a four-bar linkage mechanism

which allows almost instantaneous changes in the

thrust direction and magnitude. They also give an idea

of the camber effect intensity and its influence on rotor

performance. An unsteady free wake 3D method was

developed also by Tang et al. [7] to predict the

aerodynamic performance of cycloidal propellers, the

results showed a reasonable agreement with the

overall experimental data and the CFD results reduce

the computational time and improve the computa-

tional convergence.

In recent researches, Kim et al. [8] studied the

performance of a cycloidal rotor experimentally. They

used NACA 0012 profile with wingspan and blade

chord of 0.8 m and 0.15 m respectively. They ana-

lyzed the effect of the angle of attack of the blades, the

radius of the cycloidal rotor, and the number of blades.

They observed that the force generated and the power

required by the cyclorotor varied proportionally with

the square and cubic rotational speed, respectively. Yu

et al. [9] showed in there experiments the effect of

blade geometry on the performance of a cycloidal

rotor. They found that the flat plate profile performed

better at low Reynolds numbers. They suggested that

the tapered spade did not improve performance when

the trailing edge of the spade was straight. They also

noted that performance improved when the maximum

pitch angle at the top of the cycle was slightly lower

than the maximum pitch angle at the bottom. Hwang

et al. [10] analyzed the development of a cyclocopter

aircraft with four cycloidal rotors of elliptical blades.

they numerically and experimentally verified the

viability of the cycloidal rotor as a mean of propulsion

in AVMs. They conclude that the cyclogiro can

produce sufficient force for the hovering state and for

the low speed forward flight. In turn, Nakaie et al. [11]

experimentally viewed the flow field around a

cycloidal rotor using a PIV (Particle Image Velocime-

try) system. The results demonstrated the presence of

the downwash phenomenon around the rotor, thus

providing the needed thrust. They also identified

phenomena of runoff and the existence of spilled

vortices in certain azimuth positions. For a better

understanding of cycloidal rotors operation, Benedict

et al. [12, 13] analyzed the viability of cyclorotors and

the effects of various geometric parameters on a small-

scale cycloidal rotor performance for powering a

hover-capable vehicle. They found that a higher angle

of attack of the blades allow to improve performance

and increase the cyclorotor power loading. They also

concluded that for low Reynolds numbers, the profile

section did not play a significant role in the cycloidal

rotor performance and the curved profiles reduced

performance as compared to symmetrical ones.

Fig. 1 Schematic of a cycloidal rotor
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Under the European Cycloidal Rotor Optimized for

Propulsion (CROP) project, A numerical simulation

was conducted by Leger and Pascoa [14], they studied

the effect of harmonic vibration on a single oscillating

blade and on a cycloidal rotor. They showed that using

an optimal combination of harmonic vibration param-

eters improves the cycliodal rotor performance using

amplitude, phase angle and vibration frequency.

Further in [15], they studied three dimensional flow

effects focusing on the secondary flow of cyclorotors

in the endplat region and propeller tip. In another

study, Xisto et al. [16] introduced a plasma enhanced

cycloidal thruster system, they investigated the effect

of plasma actuation under deep-stall conditions for a

NACA0012 pitching airfoil. they implemented a

single-DBD actuator placed at the leading edge and

a multi-DBD configuration. They concluded that the

use of multi-DBDs could delay stall and achieve faster

flow reattachment than the use of a single DBD, and an

optimum position arrangement of the actuators must

be chosen. Later, Xisto et al. [17] performed an

unsteady CFD two-dimensional analysis of the effect

of several blade geometrical parameters in hovering

conditions. They concluded that, for large-scale

applications, the rotor efficiency and thrust capability

increases with blade thickness. In the same project,

Habibnia and Pascoa [18] numerically studied UAV-

scale cycloidal rotor, with neural network analysis and

optimization of the interaction of the downwash flow

field for six vertical distances from the ground. They

showed that the vertical distance of the aircraft greatly

influences the efficiency of the cyclorotor in associ-

ation with the pitching and rotating speed, in which the

optimum operational performance is achieved by 30�

and 200 rpm.

Recently, Hu and Zhang [19, 20] studied the effect

of five airfoil profiles for cycloidal rotors. They found

that the NACA 0015 airfoil achieved the highest

figure of merit (FM), also that the maximum thickness

of the airfoil significantly affected the flow field and

the aerodynamic performance of the cyclorotor at the

macro scale. In turn, Staśko et al. [21] investigated the

influence of the blade shape for a cycloidal rotor fan,

they used two profiles NACA 0012 and CLARK Y to

estimate the performance characteristics. They con-

clude that the CLARKY profile worked more as a lift-

type machine and provided higher efficiency as

compared to naca 0012. Gagnon et al. [22] presented

an analysis of the aeroelasticity of a cyclorotor in

forward flight; they analyzed the skin thickness and

number of blades. They found that increasing the

number of blades generates a greater thrust for the

same power, they also showed that the flexibility and

skin thickness significantly affects the pivoting rod

strength and blade deformation. Furthermore, McEl-

reath et al. [23] provided a detailed analysis of blade

tip-vortex of cycloidal rotors for different aspect ratios

and blade pitch kinematics. The measurements using

particle image velocimetry (PIV) were conducted in

water. They noticed that the strength of the tip-vortex

was cyclically varied with blade azimuth position, due

to the cyclic variation of the angle of attack of the

blade and the dynamic virtual camber effects which

leads to a periodic variation in the induced flow

velocity.

In the current study, a new control actuation law

considers the use of the coupled cyclorotor with multi

DBD plasma actuators to control the separated flow

and reduce flow losses. Active flow control in

aerodynamics using DBD plasma actuators has been

very effective in improving the aerodynamic perfor-

mance [24] in flow scenarios involving separation and

boundary layer control, this small device shows many

more benefits than other flow control systems to

achieve other desirable results [25], such as increase in

lift, reduction in drag, reduction in noise emissions and

help in reduction of airfoil stall margins. It can be used

in a time of need and not in pure constant way, besides

being able to fast actuation. They can work as active

vortex generators [26]. Also, plasma actuators have no

moving parts, being solid-state devices, which make

them much simpler than equivalent mechanical

devices with moving parts.

For modeling plasma actuators many different

numerical models have been investigated by authors

in former works, Shyy et al. [27], Massines et al. [28],

Abdollahzadeh et al. [29, 30] and Suzen et al. [31].

One of the most used model is the one proposed by

Shyy et al. [27, 32], where the plasma actuation is

loaded as a body force into the momentum equation as

a source term. The advantages of this model are

simplicity, quick response, low computational cost,

and good accuracy as compared with other numerical

methods.

This phenomenological model is widely used by

many authors to explore the application of plasma flow

control, Visbal et al. [33] employed this model to

explore the potential of the plasma actuator in the
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control of turbulent and transitional separated flows.

Orlov et al. [34] and He et al. [35] in their simulations

have analyzed separation and flow control on the

leading edge, over a hump, using a linear plasma

distribution approach along with a lumped circuit

element model. Rizzetta and Visbal [36] investigated

in a numerical simulation, the effect of plasma-based

flow control and total pressure loss wake reduction for

a transitional highly-loaded low-pressure turbine.

Recently, De Giorgi et al. [37] studied an unsteady

application effect for two different configurations,

micro and macro actuators on a pitching NACA 23012

airfoil with the simplified model of Shyy, operating

alternately in different time periods, for pitch fre-

quencies ranging from 20rad/s to 100rad/s to reduce

unstable loads and improve stability.

Zhang et al. [38] presented the actuation strength

effect, wave form, and DBD actuator frequency on

flow structures induced by plasma actuator. In a study

presented by Young-Chang and Shyy [39], they

studied the effect of DBD plasma actuator with this

simplified model on the active flow control around an

airfoil of type SD7003, they studied different ampli-

tude voltage and actuator positions for low Reynolds

number and angle of attack. Riherd et al. [40]

conducted a comparative study of serpentine shaped

electrodes for a standard linear actuator used for flow

control. They showed that the serpentine shape cause a

change in the operational mechanism but does not

provide an additional control of separation. Khosh-

khoo and Jahangirian [41] investigated the effect of

multi-DBD actuators in a steady mode on the flow

field of stalled NACA 0015 airfoil in a range of angles

of attack 9� to 30�. They studied the effect of different
locations, magnitudes and triangular-region sizes for

plasma distribution on the separated flow field. Borghi

et al. [42] experimentally studied the influence of

DBD plasma actuators on a NACA 0015 airfoil at high

angle of attack. They used a set of eight DBD actuators

to generate plasma jets with different directions

(vectoring effect) at different duty cycle frequencies

( between 5 and 200 Hz ). They concluded that the

actuator placed at the leading edge presents the most

effective stall recovery, and the jet’s direction does not

affect the stall recovery. In turn, Javadi and Hajipour

[43] and Ebrahimi and Hajipour [44] have investigated

numerically flow separation control on a NACA 4415

wing section in stall conditions, using arrays of

discrete quasi-radial wall jets, for the wing section at

18� of angle of attack and two DBD plasma actuators

with unsteady excitation on the airfoil surface to

control flow separation. Akbarzadeh et al. [45]

numerically investigated the impact of suction and

blowing on improving the unsteady aerodynamic flow

characteristics and their effect on the delay of the stall

over a NACA0012 airfoil, at different angles of attack

varying from 12� to 20� under low Reynolds numbers.

They indicated that the vortex shedding is approxi-

mately removed when suction is applied, and the ratio

of mean lift coefficient to drag coefficient increases as

the suction and blowing amplitude increase. Mega-

wanto et al. [46] found that positioning the plasma

actuator at 21% chord on an isolated NACA 4415

leading edge, can decrease the drag coefficient with a

percentage of 15.01% and increase lift coefficient by

17.15%.

Plasma actuators were also applied to improve the

efficiency of vertical axis wind turbines. In a numer-

ical study by Greenblatt et al. [47] they applied a

plasma actuator in a pulsed actuation mode on a small

vertical-axis wind turbine. They pointed out that

plasma actuation was only effective on the upwind

side and that the power of the wind turbine increased

and the fluctuation decreased, without specifying an

optimal azimuthal interval. The effect of plasma

actuation on the VAWT power was also studied by

Luma et al. [48]. They found that the dynamic stall’s

azimuth interval is around 60� or 80�, depending on tip
speed ratio, and that the plasma actuation can suppress

dynamic stall. The actuation can be applied optimally

between 60� and 120� of the azimuth direction.

Recently, Omidi and Mazaheri [49] showed that due

to the use of actuators installed in a single or tandem

configuration as spread between 46% and 56%, over

the span length allows an energy increment up to

10.35% for the low speed ranges and 11.42% for the

high speed ranges thus increasing the average output

power significantly.

Due to the complexity and deformation of the flow

around the cyclorotor blades, a good understanding of

the aerodynamic properties and, in particular, the

starting-up characteristic of cyclorotor is very impor-

tant. Some researchers have focused on this issue for

the VAWT performance as Worasinchai et al. [50],

Biadgo et al. [51] and Zhu et al. [52]. So far, no such a

study have been applied for cyclorotor systematically.

In this work, first, a starting-up characteristic of

cyclorotor while creating the downwash jet is
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investigated. Second, multi-DBD actuators for active

flow control in cyclorotor blades are studied allowing

the definition of a smart control actuation law, to turn

on/off the plasma actuation in different azimuth

positions of its circular trajectory. This operation is

tested for performance improvement.

2 Numerical modeling

2.1 Cyclorotor test-case and it’s mesh

representation

For this study a two-dimensional model is used for the

numerical simulation, since the main objective is

limited to analyze the effect of multi-DBD actuators

on a cycloidal rotor. Despite their limitations, the 2D

numerical simulations can provide acceptable accu-

racy on predicting the aerodynamic performance of

cyclorotors, as mentioned in [7, 53]. The cyclorotor

domain has a circular shape with radius approximately

40 times bigger than the rotor radius (40R) and has a

total number of cells of 734276 (Fig. 2), which

involves three regions: environment region, rotor

region and the blade region.

The environment domain is built from a fully

unstructured grid that exchanges information with the

rotor domain, through a sliding mesh interface, the

rotor is rotating with constant angular velocity X. For
the blades, six independent circular domains with

center located at 35% of the blade chord length have

been generated. The blade domain exchanges infor-

mation with the rotor domain also through a sliding

mesh interface, in which it is further included an area

for the boundary layer to insure that y? is less than 1.

The blade movement and pitching is obtained in

current cyclorotor applications by using a particular

mechanism; the most widely adopted is the four-bar

linkage shown in Fig. 3), which is imposed by the

dimensions of the mechanical system. The operation

of this movement depends on the control of the

mechanical system, where each blade region move

according to Eq. (1) and describes the blade pitch

angle variation h.

h ¼ p
2
� sin�1 e

a
cosðWþ eÞ

h i
� cos�1 a2 þ d2 � L2

2ad

� �
;

ð1Þ

where

a2 ¼ e2 þ R2 � 2eR cos Wþ eþ p
2

� �
: ð2Þ

The angular pitch speed x is defined by:

x ¼ dh
dW

X: ð3Þ

In order to get the desired pitching profile around a

complete rotation, the pitching axis is located at 35%

of the chord length and therefore the distance between

the pitching axis and the control rod is d = 0.120 m.

The control rod length is L = 0.61 m, the magnitude of

the eccentricity is e = 0.073 m and defined as the

distance from the center of rotation to the eccentricity

point, the phase angle is e ¼ 0� and W is the azimuth

angle, the periodic pitching schedule varies from

h ¼ þ36�, within the top section of the rotor (90�), to
h ¼ �39� in the bottom section of the rotor (270�),
resulting in asymmetric pitching profile.

2.2 DBD plasma actuator model

One of the most famous models from the phenomeno-

logical modeling approach is the one proposed by

Shyy et al. [27]. This model offers a good trade-off

between accuracy and simplicity as compared with

other models. As was presented by Abdelraouf et al.

[54] in their work. They simulated the effect of the

plasma actuator on a NACA 0012 airfoil with Shyy

and Suzen models to check the accuracy of each

model. They reported that the Shyy model is reason-

able accurate to be used for the simulation of the

plasma effect, with the assumption of the linearity of

the electric field, giving almost accurate results as

Suzen model, and less amount of time and iterations to

attain converged solution than the Suzen model. This

phenomenological model was also approved by many

authors for unsteady simulation in recent papers

among them; Lu Ma et al. [48], De Giorgi et al. [37]

and recently Yu Haocheng and Zheng Jianguo [55].

Therefore, the simulation conducted here with the

Shyy model allows an analysis of the DBD effects

with a significant accurate model in a reasonable time,
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considering the small time-step and the number of

computations needed for the parametric study.

In this model, the body force field generated by the

actuator was approximated using a linear expression,

as a triangular force distribution near the exposed

electrode side with the dimensions of a and b as shown

in Fig. 4. The electric field is strongest in the region

near the electrodes and decreases in strength further

away from the electrodes.

The electric field strength E
!

is linearly distributed

in OAB and obtained as,

E
!���
��� ¼ E0 � C1x� C2y; ð4Þ

where E0 is the value of the field at the origin of the

local coordinate axis approximated as,

E0 ¼
U0

d
; ð5Þ

and (x, y) refer to the actuator local coordinate system,

d is the distance between the two electrodes in the x

direction. C1, C2 are parameters adjusted to allow the

breakdown voltage at the border with the minimum

electric field strength [27] computed from,

Fig. 2 Computational grid domain: a global view of the mesh; b rotor domain; c blade domain; d detail view of a blade
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C1 ¼
E0 � Eb

b
;C2 ¼

E0 � Eb

a
; ð6Þ

Eb is the breakdown electric field strength, a and b are

the length and height of the triangular region OAB.

The components of the electric field are given by:

Ex ¼
EC2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
1 þ C2

2

p ; ð7Þ

Ey ¼
EC1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
1 þ C2

2

p ; ð8Þ

Here a delta function d is added to identify the plasma

region, such that it has a value inside the OAB triangle

region and zero outside.The body force induced by the

plasma actuator can be expressed as an electric field

force:

F
!¼ E

!
qceca#dDt: ð9Þ

The elementary charge is ec ¼ 1:602� 10�19 and qc is
the charge density ¼ 1� 1017 m3, a is a factor to

account for the collision efficiency [27], # is the

frequency of the applied voltage, the height and width

of the plasma region are a ¼ 1:5 mm and b ¼ 3 mm,

more description is in [27, 32].

2.3 Governing flow equations

The flow is assumed as two dimensional,unsteady,

incompressible and turbulent, governed by the conti-

nuity and momentum conservation equations, which is

augmented by a source term representing the body

force of the plasma actuator coded and implemented

into Fluent using user defined functions (UDF).

oui
oxi

¼ 0: ð10Þ

q
oðuiÞ
ot

þ oðujuiÞ
oxj

� 	
¼ � op

oxi

þ o

oxj
l

oui
oxj

þ ouj
oxi

Þ
� 	

� qu0iu
0
j

� �
þ F
!
:

ð11Þ

where q is the fluid density, l is the dynamic viscosity,

p is the pressure, u is the mean velocity and F
!

is the

body force source term of the plasma actuator.

2.4 CFD settings and turbulence modeling

The numerical simulations were performed using the

commercial software ANSYS FLUENT 16 based on a

finite-volume implementation of the incompressible,

unsteady Reynolds averaged Navier Stokes equations

Fig. 3 Schematic of the cyclorotor pitching control system

Fig. 4 Plasma actuator and sketch of the electric field

Fig. 5 Dimensionless time histories of the lift coefficient

predicted with the three sets of grids
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in 2D, the blades and rotor movements and also the

body force of the DBD plasma model are coded,

implemented into the user defined functions (UDF)

and loaded into the Fluent solver. The Gauss–Seidel

iteration method is used to solve the discrete equations

with a pressure-velocity coupled algorithm and a

fully-implicit second-order time discretization

method, while, for space interpolation, a second order

linear-upwind scheme is adopted.

Due to the complex mechanism of blade rotating

and pitching oscillations in cyclorotrs and the flow

structure deformation and associated curvature,

besides the relatively large computational domain.

Turbulence models such as Large Eddy Simulation

(LES) or Direct Numerical Simulation (DNS) would

result in extremely high computational costs, that must

be avoided. Therefore, The selected turbulence model

for the current study is the k-x SST. This model gains

the advantage of a two-equation eddy-viscosity tur-

bulence approach, where the free stream can be

resolved by k-e and the shear layer regions are treated
with the k-x model.

As it was illustrated bymany authors, namely, Tang

et al. [53], Jakson et al. [15], Abdollahzadeh et al. [30],

Bennoussa and Páscoa [56], among others, the 2D-

RANS with k-x SST, transition is capable of

capturing the main flow features and provides accept-

able results and a satisfactory agreement with the

experimental results. Furthermore, the model used in

the current simulation was also considered adequate in

terms of computation costs and accuracy by Habibnia

and Páscoa [18], Singh and Páscoa [57] and Rezaeiha

et al. [58].

Fig. 6 Comparison of cycloidal rotor thrust as a function of

rotational speed obtained from our CFD model and from

experiments, [59]

Fig. 7 Sinusoidal low pitch system: a blade positions at different azimuth angle; b pitch angle variation as function of azimuth angle
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The boundary condition has been defined as non-

slip in the walls and all variables are extrapolated at

the outlet. The convergence criterion is that the

residuals of all variables are less than 10�5. The time

step size is used to obtain a rotor rotation of 0.1� per
time-step.

3 Results and discussion

3.1 Isolated cyclorotor

The flow behavior induced by cycloidal rotors expe-

riences many curvatures and deformations while

creating the downwash jet. In order to obtain a better

state of operation, different investigations are indis-

pensable, a detailed understanding of the flow mech-

anism is thus necessary to achieve higher

performance.

3.1.1 Grid sensitivity analysis

In order to verify the grid independence, three distinct

meshes were considered with a different number of

cells, namely 590102, 734276 and 810216. Figure 5

presents the comparison of the predicted dimension-

less time (t* = t.U/c) histories of lift coefficients on the

cycloidal rotor blade for three sets of grids. As it is

observable, after the cyclorotor attaining stability it

undergoes a periodic oscillation on the lift coefficient.

It can be seen that the difference between the lift

coefficient on the fine and medium meshes becomes

negligible. Therefore, we performed our simulation

using the mediummesh. The grid has a total number of

734276 cells in the entire computational domain and

89263 cells in each blade domain.

Fig. 8 Variation of the lift coefficient as function of number of revolution: a lift coefficient for a blade; b total lift coefficient

Fig. 9 Lift coefficient for the cyclorotor blades as a function of

the azimuth position for one revolution
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Fig. 10 Instantaneous vorticity contour around the cyclorotor blades at different dimensionless time (t*)
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Fig. 11 Instantaneous velocity magnitude contour and streamlines around the cyclorotor blades at different dimensionless time (t*)
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3.1.2 Base case validation

The validation procedure of the computational model

for the cyclorotor has been done against the experi-

mental results (Wills and Schwaiger 2012) [59]. The

IAT21-L3 configuration uses six NACA 0016 blades,

with chord to radius ratio of 0.5, a span to diameter

ratio of 1, the pitching axis is located at 35% of the

chord length, and the distance between the pitching

axis and the control rod is d = 0.120 m. The control rod

length is L = 0.61 m, the magnitude of the eccentricity

is e = 0.073 m, and is defined as the distance from the

center of rotation to the eccentricity point, the phase

angle is e ¼ 0� and W is the azimuth angle, the

periodic pitching schedule varies from h =?36� in the
top section of the rotor (90�), to h ¼ �39� in the

bottom section of the rotor (270�), both defined in

order to obtain the desired pitching profile.

As shown in Fig. 6, the results show a good

agreement with the experimental data of the IAT21

rotor considering the complexity of the flow in this

cyclorotor.

Figure 7 shows the pitch angle variation as function

of azimuth angle for a blade from our CFD result in the

pitching law system according to Eq. (1), where the

variation of the pitch angle is identical to the sine

curve.

The blades of the cyclorotor describe a cyloidal

path, in the upper half in region 1 between 0� and 90�,
the blade introduces an up-stroke towards the maxi-

mum external angle of attack, after 90� in region 2, the
blade acts with a down-stroke by resuming to its

original angle of attack. In the lower half between 180�

and 270�, in this third region the blade introduces an

up-stroke to reach it’s maximum internal angle of

attack before it comes back for the internal down-

stroke again in region 4. It can be seen also from Fig. 7

that with this mechanism, the pitching extremes does

not occur exactly at 90� and 270�, but with a small

phase delay.

3.1.3 Aerodynamic force

Figure 8 shows the relation between the lift coefficient

and number of revolutions (flow time). It can be seen

that the evolution of the lift coefficient for both graphs

in Fig. 8a, b, can be divided in two phases, instability

phase and stable periodic oscillation phase.

The instability is due to the cyclorotor adjusting its

configuration to forces incurred by the flow on the

variable pitching blade that changes its orientation and

angle of attack to generate optimal lift force. There-

fore, it is sensitive to the variable angle of attack of

each blade at the initial stage, to struggle, while

producing lift force for a complete revolution. As the

blades rotate further, and after 10 revolutions, the

cyclorotor gains stability under a periodic oscillation

for the lift coefficient.

Figure 9 shows polar curves of lift coefficient for

the cyclorotor blades as a function of the azimuth

Fig. 12 Velocity profiles for different free stream velocities at

the same position (ST4) obtained from our CFDmodel and from

[27]

Fig. 13 a Multi-DBD actuators positions on a cyclorotor blade

located at 120�; b Electric field distribution showing the DBD

acting zone; c Induced flow computed with multi-DBD

actuators on cyclorotor blade
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position for a complete cycle. For the first blade

located at 0� in the upper half, between 0� and 60�

there is a small decrease and increase in lift because of

the slight change from the negative to positive angle of

attack, then the blade produces negative lift and

reaches its minimum at 160�, it starts increasing

afterwards and produces a positive lift between 180�

and 360� (lower half) and reaches its maximum at

220� after which it starts decreasing as the angle of

attack decreases. Further more, in the upper part, the

blade has a negative camber and therefore a smaller

lift is generated as compared with the lower half,

where the blade has positive camber. This is due to the

pitch angle of each blade which is changed cyclically

by mechanical means [8]. In that way, the blades find

positive angles of attack at the top and at the bottom of

the azimuth position and generate upward force, but at

the left and the right positions there is a smaller force,

because the blade has a low angle of attack. A similar

behavior is noticed for the other blades with a phase

difference corresponding to a maximum lift coeffi-

cient of 60� of azimuth angle.

3.1.4 Vorticity Field

Figure 10 presents the instantaneous vorticity contours

around the cyclorotor blades at different dimension-

less time (t* = t.U/c), six typical times are considered.

From Fig. 10a, it can be seen that there is a strong

formation of a leading edge vortex from the upper side

of the blade, when the blade is operating in the upper

half zone. On the other hand, when the blade is

operating in the lower half of its circular trajectory,

where the blade is pitched in the opposite direction, the

formation of a leading edge vortex is started from the

lower section of the blade. This is due to the dynamic

Fig. 14 Vorticity magnitude comparison of a blade operate in upper half at (W = 60�) and (W = 120�)

123

Meccanica (2021) 56:2707–2730 2719



virtual camber which results in a negative camber

equivalent at the top position, and a positive camber

equivalent at the bottom position, in which this

reversal of the virtual blade camber from upper to

lower half results in a completely different dynamic

stall processes in the upper and lower zones of the

circular trajectory of the cyclorotor.

As the angle of attack of the blades increases as

shown in Fig. 10c, d, the size of the vortex increased

and begins to separate from the leading edge, and the

flow in the central region of blades is extremely

separated also at the inner rotation domain, during this

phase, the flow separation is much stronger than

before, since the blades face a deep dynamic stall. Also

the vorticity develops with the rotation of the blades

and start moving to the trailing edge.

When the blades rotate further in Fig. 10e, f, the

separated vortex remains flattened and interact with

the blades which reduce the instantaneous angle of

attack, also a strong wake effect is remarked on the

trailing edge of the blades which affect the up coming

blades.

During the entire rotation, a periodic shedding of a

vortex was found with flow attachment on the airfoil

surface, flow separation from the leading edge then to

the trailing edge and flow reattachment to the airfoil

surface. Further, we can notice that in the upper half

area the vortices on the upper section of the blade are

more developed, when the blade rotates further in the

lower half, the vortices are now generated on the

bottom surface of the blade (Fig. 10f).

Fig. 15 Vorticity magnitude comparison of a blade operate in lower half at (W = 240�) and (W = 300�)
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3.1.5 Velocity contour

Figure 11 presents the instantaneous velocity contours

and streamlines around the cyclorotor blades at

different dimensionless time (t* = t.U/c), six typical

times are considered. In Fig. 11a inside the rotor cage,

a recirculation zone is visible, whose streamlines are

closed and symmetrical with respect to the cyclorotor

rotation in counter clockwise direction. As the blades

rotate further in 11b this zone moves with an

inclination towards the right, before the flow starts

entering and coming out from the rotor cage which

produces a small downwash inclined towards the right,

and the vertical component of the flow velocity is

highly influenced by the preceding blade, while two

circular vortex zones are created on the left and right

sides of the cyclorotor as shown in Fig. 11c.

Due to rotation and the different velocities at the top

and bottom positions, caused by the cyclorotor and the

interactions of blades wakes, the downwash jet

becomes stronger and the inclination angle of the

downwash flow is decreased with an associated

change in pattern and size of the two vortex zones,

which can be clearly seen from Fig. 11d, e.

In Fig. 11f it is clearly shown that the incoming flow

descends directly inside the rotor cage without any

circulation. In this period the flow is passing by three

stages: first, inhaling region where the flow comes

from the majority of the upper half zone of the

cyclorotor; second, the downward flow inside the rotor

cage, where the incoming flow entered to the inside

cage of the cyclorotor and moves downward; third, a

downwash jet flow is generated while exiting the

bottom zone of the cyclorotor, here the outflow is

inclined with a small rightward angle with respect to

the perpendicular, with a strong downwash caused by

the cyclorotor and the interactions of blades wakes as

compared to the previous times, and it results in a

deflection of resultant thrust.

Fig. 16 Virtual chord-line due to virtual camber effect on the

cyclorotor blades showing the places where the DBD is

activated at different azimuth locations

Fig. 17 Velocity contours and relative streamlines comparison around a blade at 150�: a actuation off; b upper actuator activated
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3.2 Coupled cyclorotor with plasma actuators

3.2.1 DBD model validation

First, to validate our numerical model, we used a

numerical simulation of Shyy et al. [27] on a 0.0205m

flat plate. The computational domain is a 2D rectangle

on x-y plane with a plasma actuator placed at the

bottom of domain in the solid wall. The different

parameters used to define this DBD are the elementary

charge e ¼ 1:602� 10�19, the charge density qc ¼
1� 1017 m3, the applied voltage frequency of 3 kHz,

the applied voltage of 4 kV rms, the breakdown

electric field strength 30 kV/cm and the discharge

time 67ls.
Figure 12 presents a comparison of the normalized

velocity profiles at the same position (ST4) for various

free stream velocities 2,4,5 and 10m/s of our CFD

results with Shyy et al. [27]. The comparison of the

results shows a good agreement for each of the applied

free stream velocities.

The multi DBDs are located on both sides on each

cyclorotor blade and the first plasma actuation gener-

ated by the first actuator is located at 2% from the

leading edge of the airfoil (Fig. 13a), Fig. 13b shows

the modeled triangular force distribution with height a

= 1.5 mm and width b = 3 mm. Figure 13c presents the

velocity induced by the multi-DBD plasma actuators

on the cyclorotor blade. It can be seen the jet formation

along both sides of the blade due to the plasma

actuation where the body force is generated from the

exposed electrode to the covered electrode direction,

also the benefice of using multi-DBD configuration

which could increase the momentum of resulting jet

then drives the fluid along the airfoil surfaces.

3.2.2 Effect of first pair of actuators

In cycloidal rotor, despite the fact that the blade’s

geometric angle of attack is identical with respect to

the tangent of trajectory, the incident angles of attack

may be different along chord line. Thus the cases of

the upper top position and the lower one do not have

same aerodynamic characteristics, due to rotating

velocity and the effective variation of the angle of

attack along the chord so each point at chord line has

different rotating velocity. As if the blade at upper

position has negative camber and the blade at lower

position has positive camber which can introduce

significant changes in the aerodynamic behavior of

each blade and as consequence, a smaller force is

generated on top half as compared with the bottom

half, this is the virtual camber effect.

To cancel the virtual camber effect on cyclorotors,

one solution could be the use of geometrical cambered

blades [17] in the rotor, which can improve rotor

performance if the camber can be changed to the other

direction in the upper and lower half of the rotating

cycle.

Active flow control techniques such Dielectric

Barrier Discharge (DBDs) plasma actuators can

reduce, or avoid flow separation which can change

Fig. 18 Velocity contours and relative streamlines comparison around a blade at 350�: a actuation off; b lower actuator activated
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Fig. 19 Lift coefficient comparison for the base case and the control actuation with 2 DBDs
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Fig. 20 Lift coefficient comparison for the control actuation with two, four and six-DBDs
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the flow field around the blades, and contribute to

reduce the effect of the virtual camber on the

cyclorotor by generating a counter-virtual camber on

the airfoil.

As a matter of fact, in Fig. 14, we show the effect of

DBD plasma actuators on vorticity field where the

blade operate in upper half zone, at 60� where the

blade introduce an external upstroke and 120� where
the blade introduce an external down-stroke, it is

obvious that the upper actuator reduce the vorticity

which tends to flatten on the blade surface and is then

diminished. On the other hand, the lower actuator

seems not to reduce the vorticity due to it is developed

on the upper surface of the blade. Figure 15 shows the

effect of plasma actuators on vorticity field where the

blade located at 240� which introduces an internal

upstroke and 300� which the blade introduces internal
down-stroke.The opposite of what is the case in upper

half, the lower actuator located on the lower side of the

blade is more efficient as compared the upper one,

which reduce the strength and size of the vorticity as

shown in Fig. 15c, f, therefore causing a change in the

operation of the cycloidal rotor and thus a change in

the force produced. For this purpose, a control law is

used to activate the upper plasma actuator in the upper

half and the lower one in the lower half of the cycloidal

patch as shown in Fig. 16.

Figure 17 shows a comparison of relative stream-

lines around a blade located at 150� with actuation off
and upper actuator activated. Due to the leading edge

vortex, a separation and re-circulation zone is

appeared on the upper surface of the blade. When

the upper actuator is activated, the body force field

creates an induced flow near the airfoil surface, so the

separation length is small and the size of the re-

circulation zone is reduced as compared to the base

case. Further, Fig. 18 presents the relative streamlines

comparison for actuation off and lower actuator

activated around a blade located at 350� of azimuth

angle. Here the separation and re-circulation zone is

on the lower surface of the blade, and similar effect is

noticed for the lower actuator where the flow is

attached to the blade and a significant reduction of the

re-circulation zone can be seen as compared to the

base case, but does not eliminate the separation

completely. These changes are expected to be advan-

tageous for the lift coefficients.

The lift coefficient comparison for the base case

and the control law for the blades is shown in Fig. 19

using the first pair actuators located on the leading

edge of the blades (as shown before in Figs. 17, 18). It

is clear that in each blade, the maximum lift coefficient

is increased when using the control law as compared to

the base case, depending on the position of each blade

where the upper actuator is activated in the upper half

and the lower one in the lower half but also we notice

that between 300� to 350� and 30� to 70� and also

between 120� to 160� there is a slight decrease in lift

coefficient as compared to the base case because there

is a time delay when the upper actuator is turned off

while the lower actuation is turned on/off.

3.2.3 Effect of multi-DBD actuators

To compare the use of multi-DBD actuators, we

activate four DBD actuators, then six DBD actuators

with the same control law as used with the first pair

actuator, the results are shown in Fig. 20. It can be seen

that using 4 actuators produced almost the same lift as

2 actuators, when using 6 actuators, it produce more

lift as compared with the previous cases, this is

explained by using 6 DBD actuators more momentum

is being applied to the flow in which more velocity is

produced by the actuators in a larger section on the

blade surface.

In Fig. 21, the velocity magnitude contours com-

parison between base case and the cyclorotor coupled

with six plasma actuators is presented showing the exit

flow direction and magnitude. It can be seen that using

six-DBD actuators can change the flow field around

the cyclorotor blades which it is showing a higher exit

flow as compared with base case, therefore causing a

change in the operation of the cyclorotor and the force

generated.

The aerodynamic analysis requires an estimation of

the forces generated by the cyclorotor and the power

requirement, two parameters are considered for the

operating mechanism: power loading (PL) which

corresponds to the net thrust over the net power, and

disk loading (DL) which corresponds to the produced

thrust over the disk area, which are defined as follows.

PL ¼ Tn
Pn

; ð12Þ
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DL ¼ Tn
A
; ð13Þ

The net thrust Tn and the power Pn are defined

according to Eqs. (14) and (15) respectively:

Tn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2

H
þ T2

V

q
; ð14Þ

Pn ¼MX; ð15Þ

M and A present the momentum and the projected

frontal area of the cyclorotor respectively, X is the

rotational speed; T
H
and T

V
are the horizontal and

vertical thrusts.

we are able to compute the power consumption of

the plasma actuator (Pp) based on a correlation of Jae-

San Yoon and Jae-Hung Han [60] and Abdollahzadeh

et al. [29], and that can be defined as follows:

Pp

lp
¼ 2pCeqðU0 � VbdÞ2; ð16Þ

U0, Vbd and lp are the applied voltage, breakdown

voltage and the length of the plasma actuator that is

considered in our DBD model, respectively.

Ceq is the equivalent capacitance of the plasma

actuator, which is defined as:

Ceq ¼
CaCb

Ca þ Cb
; ð17Þ

Ca and Cb present the equivalent capacitor properties

between the electrodes, calculated as:

Ca ¼
2pe0

ln
0:5te þ kd

0:5te

� 	 ; ð18Þ

Cb ¼
ped

ln
0:5te þ 2td

0:5te

� 	 ;
ð19Þ

where e0 ¼ 8:85� 10�19 F
m, er ¼ 3 and ed ¼ e0 er. [29]

The Debye length is kd (mm) is computed from the

relation provided in [60]:

kd ¼ 0:2ð0:3� 10�3U0ðKVÞ � 7:42� 10�4Þ: ð20Þ

The different parameters used to define the DBD

plasma actuator are obtained from experiments of

Roth et al. [61] and Shyy et al. [27] are:

The electrode thickness is te ¼ 0:1 mm, the dielec-

tric thickness is td ¼ 0:75 mm and the length of

plasma is lp ¼ 270 mm. Finally, we obtain the power

consumption of the actuator Pp = 1.112W.

The control strategy used herein is for activating the

actuators when they are going to be most effective,

thus, in one cycle (0.3s) the actuators are activated in

only 60� that corresponds to 0.05s, so the total energy

consumption of the DBDs for a case with 6DBDs is:

Fig. 21 Velocity magnitude contour plots: a actuation off, b = 21.7�; b control actuation with six-DBDs, b = 20.6�
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Ep ¼ 1:112� n� 0:05 ¼ 2ðJÞ: ð21Þ

where n is number of actuators. The total energy of the

cyclorotor with control actuation, with six-DBDs per

cycle (0.3s) is:

E ¼ Ec � 0:3þ Ep ¼ 176ðJÞ: ð22Þ

where Ec is the power consumption of the isolated

cyclorotor system.

For the isolated cyclorotor at 202,18 rpm to achieve

the same thrust Ec ¼ 177:6 (J).

From Fig. 22, it is clear that using six DBDs, three

in each side of the blade is more effective and

improved the thrust by 2.3% as compared to the base

case, and achieving a reduction in power requirements

of 0.9%, than increase the rotational speed to

202.1877 rpm to achieve the same thrust. This allows

us to consider that even more gains may be achieved if

the actuators are operated in duty cycle and employing

an optimum position, or it may be a way to use thinner

airfoils (less mass) and have the recirculation zone

mitigated due to DBD plasma actuators.

In the current study, we showed that active flow

control is an important element for the flow separation

control around the blades. The results showed that the

use of the proposed control law to activate the plasma

actuators located on the upper and lower sides of the

blades improves the lift and the thrust produced, which

can play a key role for cycloidal rotor performance

improvement. This effect of using plasma actuators

with the proposed control law results in a counter-

virtual camber effect in different azimuth positions,

due to the effective variation of the angle of attack

along the chord as shown in Fig. 16. Which is seen as a

negative camber equivalent at the top position, where

the upper actuation is activated, and a positive camber

equivalent at the bottom position, where the lower

actuation is activated. This is reduced by the counter-

virtual camber.

4 Conclusion

In this study we have performed a detailed analysis of

the start-up characteristic of a cycloidal rotor from rest

until reaching the nominal working point, namely the

aerodynamic force, the vorticity and velocity con-

tours. Then, we investigated the effect of using

multiple plasma body forces on the flow field by using

multi-DBD actuators on each blade of the cyclorotor.

A CFD simulation was carried out using ANSYS

FLUENT software, in which a user-defined function

(UDF) was used to implement the cyclorotor move-

ment and a second one to implement the plasma body

force, the results show that:

• From the vorticity field, it was noticed that during

the entire rotations, a periodic vortex shedding

phenomenon was found, namely: flow attachment

on the airfoil surface, flow separation from the

leading edge then to the trailing edge, and flow

reattachment to the airfoil surface. Also, it was

noticed that in the upper half area the vortices on

the upper section of the blade are more developed.

When the blade rotates further in the lower half, the

vortices are now generated on the bottom surface

of the blade.

• From the velocity contour and the streamlines at

the first time, starting from rest, inside the rotor

cage there was a recirculation zone whose stream-

lines are closed and symmetrical with respect to the

cyclorotor rotation in counter clockwise direction.

As the blades rotate further, this zone moved with

an inclination towards the right, before the flow

starts entering in the rotor cage, while two circular

vortex zones are created on the left and right sides

of the cyclorotor. Due to rotation at different

velocities, at the top and bottom positions, caused

by the cyclorotor and the interactions of blades

wakes, a downwash jet flow is generated, exiting

Fig. 22 Power loading variation with disk loading for base case

and coupled cyclorotor with multi-DBD actuators
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the bottom zone, which becomes stronger with

rotation.

• We showed that active flow control with the use of

the proposed control law, to switch between the

upper and lower actuators, is an important element

that helps to control and reduce the flow separation

around the blades. This effect of using plasma

actuators with the proposed control law results in a

counter-virtual camber effect in different azimuth

positions, due to the effective variation of the angle

of attack along the chord. This effect is effective at

the top position, where the upper actuation is

activated, and at the bottom position, where the

lower actuation is activated. Thus, it was advan-

tageous to achieve more lift and thrust, as

compared to the base case, in which the cyclorotor

is now more stable in hover and vertical

displacements.

• The use of multi-DBD actuators have more impact

on the flow separation control and can modify

instantaneously the flow around the blades. The

configuration with six actuators, three in each side

of the blade, was the most effective, by improving

the thrust by 2.3%, as compared to the base case,

and achieving a reduction in power requirements of

0.9%. Even though this reduction is not strong, it

allows us to consider that even more gains may be

achieved if the actuators are operated in duty cycle

and employing an optimum position, or it may be a

way to use thinner airfoils (less mass) and have the

recirculation zone mitigated due to DBD plasma

actuators.
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