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PARAMETRIC ANALYSIS OF A LARGE-SCALE CYCLOIDAL ROTOR IN
HOVERING CONDITIONS

Carlos M. Xisto (corresponding author)!, J. A. Leger 2, J. C. Péscoa 3,
L. Gagnon?, P. Masarati °,
D. Angeli® and A. Dumas ’

ABSTRACT

In this work, four key design parameters of cycloidal rotors, namely the airfoil section; the
number of blades; the chord-to-radius ratio; and the pitching axis location, are addressed. The four
parameters, which have a strong effect on the rotor aerodynamic efficiency are analyzed with an
analytical model and a numerical approach. The numerical method is based on a finite-volume dis-
cretization of two-dimensional Unsteady Reynolds Averaged Navier-Stokes equations on a multiple
sliding mesh, are proposed and validated against experimental data. A parametric analysis is then
carried out considering a large-scale cyclogyro, suitable for payloads above 100 kg, in hovering con-
ditions. Results demonstrate that the airfoil thickness significantly affects the rotor performance;
such a result is partly in contrast with previous findings for small- and micro-scale configurations.
Moreover, it will be shown that increasing the number of blades could result in a decrease of the
rotor efficiency. The effect of chord-to-radius will demonstrate that values of around 0.5 result in
higher efficiency. Finally it is found out that for these large systems, in contrast with micro-scale
cyclogyros, the generated thrust increases as the pitching axis is located away from the leading
edge, up to 35% of chord length. Further the shortcomings of using simplified analytical tools in
the prediction of thrust and power in non-ideal flow conditions will be highlighted and discussed.

Keywords: Cycloidal Rotor, Cyclogyro, Computational Fluid Dynamics, Parametric study, Ana-
lytical Aerodynamics.

INTRODUCTION

A cycloidal rotor, also known as cyclogyro or cyclocopter, is a horizontal-axis rotary-wing
machine capable of mechanically control the pitching schedule and pitching amplitude of the blades
(Nakonechny 1961; Foshag and Boehler 1969; Yun et al. 2005). Such a mechanical system allows for
the generation of a net aerodynamic force (perpendicular to the rotation axis), which can be easily
controlled in terms of magnitude and direction (Kirsten 1928; Nozaki et al. 2009). This important
feature makes the cyclogyro an attractive propulsion system for a wide range of applications, since
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it can improve the maneuverability of the aircraft for several flight conditions, e.g. VTOL (Vertical
Take-Off and Landing) and STOL (Short Take-Off and Landing), hovering and forward flight
conditions (Siegel et al. 2007; Yu et al. 2006; Ilieva et al. 2014; Trancossi et al. 2014). Furthermore,
these machines normally operate at a lower noise level than conventional helicopters, and it was
demonstrated that an optimized cyclogyro can generate higher thrust per power input (higher power
loading) when compared with a conventional screw propeller, operating at a similar disk load (thrust
generated per unit area on the rotor actuator disk) (Boschma 2001; Gibbens 2003; Benedict et al.
2013). A three-dimensional representation of a cycloidal rotor and a possible incorporation into
an aircraft are illustrated in Fig. 1-a) and b), respectively. For the compound helicopter concept,
exemplified in Fig. 1-b), lift is produced by the main rotor, and two cyclogyros are included to
provide anti-torque, yaw and roll control and to extend the subsonic flight regime of the aircraft.
In this configuration, the cyclogyros take over the task of producing thrust, relieving the main
rotor, which is requested a lower amount of thrust. As a consequence, stall on the retreating blade
is pushed towards higher forward flight speeds.

The aerodynamic efficiency of a cyclogyro depends on several design parameters, e.g. number
of blades, airfoil section, blade flexibility, blade camber, blade span, rotor solidity, blade planform
and blade kinematics (Kim et al. 2003; Hwang et al. 2008; Benedict et al. 2010b; Benedict et al.
2010a; Benedict et al. 2013). Two important effects that also need to be considered in the design of
cycloidal rotors are the virtual camber effect and the blade deflection due to the large radial loads
(Kim et al. 2003; Lee et al. 2013; Benedict et al. 2012). In particular, the virtual camber effect
occurs because the blades in cyclogyros experience a curvilinear flow and are also oscillating around
the blade span axis, thus each point of the blade chord operates at a unique angle of attack and
moves with a different local velocity. Because of this, each blade behaves like a cambered airfoil,
and exhibits significant deviations in performance with respect to a fixed angle, rectilinear flow
configuration.

Computational tools have been widely used for analysing the influence of several fluid-dynamic
effects on the aerodynamic behaviour of pitching aerofoils (Wang et al. 2012; Gharali and Johnson
2013), rotary wings (Laxman et al. 2013) and on the efficiency of cyclogyros (Tang et al. 2015). For
instance, it was demonstrated, through the usage of numerical tools, that the unsteady interference
among blades can significantly alter the flow uniformity on the downstream blades, affecting their
aerodynamic performance (losilevskii and Levy 2003; Iosilevskii and Levy 2006). Such an interac-
tion may improve the rotor thrust generation by delaying stall on each individual blade (Péscoa and
Ilieva 2012; Yu et al. 2013) but it can also reduce their efficiency (Xisto et al. 2014b). The flow on
the cyclogyro was also analysed using experimental PIV (Particle Image Velocimetry) techniques,
where complex flow patterns were observed, like the formation and convection of the leading edge
vortex on the pitching aerofoils (Benedict et al. 2010b), the generation of large regions of rotating
flow inside the rotor cage and a skewed exit flow (Benedict et al. 2010a; Nakaie et al. 2010).

For analysing the flow on cycloidal rotors several analytical models have been developed so
far. Wheatley (Wheatley 1933) formulated a simplified aerodynamic model for the cyclogyro by
neglecting the unsteady aerodynamic effects. Sixty eight years later McNabb (McNabb 2001)
took into account the unsteady aerodynamics by using the model of Garrick (Garrick 1936) in his
formulation, and validated his work by comparing the results obtained with the experimental data
of Wheatley (Wheatley and Windler 1935) and Bosch Aerospace (Boschma 2001). Yun et al. (Yun
et al. 2005) proposed an analytical model based on blade element theory and on the streamtube
model. In their model a control volume is defined, to which is applied the principle of mass,
momentum, and energy conservation. Sirohi et al. (Sirohi et al. 2007) introduced an analytical
model able to predict rotor performance, where vertical axis wind turbine theory was adapted into
the context of aeronautical propulsion.
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FIG. 1. a) Three-dimensional representation of a cyclogyro with six NACA0016 blades and a
maximum pitch angle of 40 degree b) Possible incorporation of two cyclogyros into a classical
helicopter frame. This compound configuration keeps the main helicopter rotor for generating
lift, but can use the two mounted cyclogyros for achieving higher subsonic flight speeds.

In Europe a major multi-country project consortium was set up to develop research on human
carrying vehicles propelled by cycloidal rotors. This is the goal of the CROP (Cycloidal Rotor
Optimized for Propulsion) project. Part of the work that has been carried out in the frame of the
CROP Project (http://www.crop.ubi.pt) is described in this paper. The objectives of the work
are to analyze the influence of four key design parameters on the rotor aerodynamic efficiency.
An analytical tool was therefore developed for predicting the overall generated thrust and power
required by the cyclogyro. Such a model is also able to generate, for a set of geometrical inputs, an
instantaneous design and animation of the selected configuration, allowing for a detailed kinematic
analysis of the rotor blades and mechanical system. The proposed analytical model was validated
with the experimental data for a six-bladed rotor configuration, carried out by the Austrian com-
pany IAT21, a partner of the CROP project (Xisto et al. 2014b). A CFD (Computational Fluid
Dynamics) procedure was also specifically developed and set up in order to provide a deeper insight
in the complex flow patterns that characterize the aerodynamics of a cyclorotor. Both techniques
are here employed to study: the effect of the airfoil section (and, in particular, of its thickness);
the number of blades (which concurs in the definition of the so-called rotor solidity parameter);
the chord-to-radius ratio; and the pitching axis location. It is expected that these four parameters
have a strong influence on the overall performance of a large-scale cyclorotor, as those envisaged
by the CROP project for potential application to a future generation of manned aerial vehicles.

In the next section an outline of the analytical model formulation will be given. Afterwards, in
section 3, the numerical technique will be described, and a cross-comparison between numerical,
analytical and experimental results will be brought forward for the purpose of validation. In
section 4, results of the parametric study on airfoil thickness, rotor solidity, chord-to-radius ratio
and pitching axis location will be presented, and their effect on the performance of the cyclorotor
will be discussed.

A SEMI-EMPIRICAL ANALYTICAL MODEL FOR PERFORMANCE ASSESSMENT
The analytical model employed here represents an improved version of the one presented in
(Leger et al. 2015b). The mathematical formulation comprises a kinematic and an aerodynamic

Xisto et al.
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FIG. 2. a) Kinematic representation of a four-bar-linkage pitching control system. b) Coordi-
nates of the leading and trailing edges.

Ly Ty

part. The kinematic description provides the instantaneous position and pitch angle of each blade
of the cyclorotor and attests the geometric feasibility of the rotor, a critical aspect that some earlier
analytical models did not take into account. The aerodynamic analysis provides an estimate of the
generated forces and power requirement of the cyclogyro as a function of its geometric parameters
and kinematics, allowing for a quick assessment of the cyclogyro performance.

Kinematic representation

A schematic representing the kinematics of a single blade of a cycloidal rotor is reported in
Fig. 2. The blade rotates with respect to the rotor axis (indicated by the point O in Fig. 2-a),
and is simultaneously capable of pitching around a prescribed axis; as already mentioned, blade
pitching endows the cyclorotor with the capability of directing thrust along a given direction. The
relative angle 6 between the chord line of the blade and the rotor tangential direction t is called
the pitch angle. The pitch angle varies periodically over a rotation cycle, as a function of the blade
azimuthal position V.

In existing cyclorotor applications, blade pitching is obtained through the implementation of a
specific mechanism; the most widely adopted is the four-bar linkage illustrated in Fig. 2-a. More
complex mechanisms, like the three-dimensional cam proposed by Adams et al. (Adams et al. 2013,;
Adams and Fagley 2013) can also be envisaged, whose analysis is however beyond the scope of the
present study. Focusing on the four-bar linkage, by looking at Fig. 2-a), one can observe that the
pitch angle is = § —a with a = a1 +a9. The distance a from the pivot point (i.e. the intersection
between the blade transverse plane and the pitching axis) to the eccentricity point (P), the angle
a1 and the length L of the control rod, can then be easily represented through simple trigonometric
expressions:

a2:€2—|—R2—26RCOS<\P+€+g>, (1)

sin (o) cos (V+e+73)
e a

7 (2)
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L* = a® + d* — 2ad cos (az) , (3)

where R is the rotor radius. By combining the previous expressions one can obtain the instantaneous
blade pitch angle:

2, 72 2
0= g —sin~! [2 cos (¥ + 5)] —cos™ ! [%] . (4)
From Eqn. 4 it is possible to verify that, for each azimuthal rotor blade position ¥, the pitch angle
profile varies just by changing the phase angle of eccentricity ¢ and its magnitude e, since the length
of the control rod L and the distance d are constant for a given mechanical system.

In order to obtain an expression of the overall vertical and horizontal forces that are generated
by the rotor, it is necessary to identify the time-dependent position of each blade. Assuming that
the initial azimuthal location ¥1(0) of the pivot point of one blade is known, the others are easily
obtained through an arithmetic progression:

(i—1)27m

v, (0) =Wy (0) + N

(5)
where N is the total number of blades of the rotor. Once the initial arrangement of the blades is
defined, their time, ¢ dependent position, V() = ¥; (0) + Qt, (2 is rotor rotational speed in rad/s)
and their time dependent inclination, 0(t) = f[¥(t)], are readily obtained.

In order to account for the aerodynamic effects due to the pitching motion, it is necessary to
compute the oscillating angular velocity w:

S

=T e —an Y (6)

and the angular acceleration ac.:

_dw _ dw dY dw
Qe =708 = aw At dw

where: g P 20
w
AU~ dv [dqfﬂ]_g'd\pf (®)
hence: 20
_02.
e = € FTER 9)

The coordinates of the leading and trailing edges of each blade are given by the following
expressions (see Fig. 2-b):

L. = Reos () — (%HI) cos (5~ w+6), (10)
L, = Rsin (V) + <%c+l> sin (5w +9), (11)
T, = Reos () + <%C—I> cos (5~ w+6), (12)
T, — Rsin (W) — (%c—[) sin (5 - w+6), (13)
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FIG. 3. a) Instantaneous analytically generated rotor configuration for a pitching amplitude of
e = 45°. b) Horizontal and vertical components of the resultant force applied to one cyclogyro
blade in a pure hovering state.

where c is the chord length and I is the pivot point position measured in a relative rotating and
pitching axis. By replacing the rotor blades by their chord line, a simplified representation of the
whole rotor geometry as a function of time can be achieved. This can be conveniently translated
in an animated sequence by coding the proposed kinematic model in a suitable computer graphics
environment. Figure 3-a) shows a snapshot obtained by such a procedure, representing a six-
bladed cyclogyro with chord length equal to 0.4 m, rotor diameter equal to 1.2 m, pitch amplitude
of +25°and a phase angle of eccentricity of 45°.

Using representations such as the one of Fig. 3-a), it is possible to analyze the mechanical
feasibility of the cycloidal rotor, for a given set of geometric parameters, which define the rotor
dimensions. For instance, it is straightforward to evaluate the geometric interference between blades
and the adequacy of the distance between the pivot point and the connection point: as a matter
of fact, if the chord is too short there might not be enough space to introduce the control rod.

Aerodynamic modeling

Figure 3-b) offers a schematic of the aerodynamic forces that are applied to a single cyclogyro
blade in a pure hovering state. In such a case, the rotation of the cyclogyro is supposed to induce
a nonzero fluid velocity V7, which is generally not aligned with the tangential direction of the
blade. Such a velocity adds up to the tangential velocity given to the rotation of the cyclorotor,
V1 = QRt. The resultant velocity V is given by the vector sum of these two contributions. Its
phase angle (called the downwash angle) with respect to the tangential direction t is indicated as ¢
in Fig. 3-b). As a consequence, the actual instantaneous angle of attack of a single blade does not
correspond to the pitching angle 6, but to § — ¢. Consequently, the lift and drag on each blade are
necessarily defined along the direction of the vector of the incoming velocity Vr. By decomposing
the lift, L, and drag, D, vectors, and using a trigonometric angular reduction to the first quadrant,
the resultant forces along the x and y directions are defined by the following:

F, =Lcos(V —¢)+ Dsin (¥ — ¢), (14)

Fy=Lsin(¥ —¢)— Dcos(V—0¢). (15)

6 Xisto et al.
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FIG. 4. Subcomponents of the fluid dynamics module used to analyse the cyclogyro config-
urations. a) Representation of the induced downwash flow velocity components. b) Vortex
linearised model of a pitching flat plate, with a vortex distribution projected on a line parallel
to the flow, adapted from

The velocity vector Vi can be decomposed in its tangential and normal directions in order to
define the induced downwash angle ¢ = tan™'(V;,/Vig). The tangential and normal components of
the resultant velocity are then Vig = Vi cos ¢ and V,, = Vgsin ¢, respectively. Alternatively, the
resultant velocity can also be expressed through an analysis of the induced downwash velocities,
here depicted in Fig. 4-a), where the induced velocity is expressed in terms of its vertical V7, and
horizontal V7, components:

Vig = QR — Vigsin (V) + Vi, cos (V) , (16)
Va = —Vigpcos (V) — Vi sin (V). (17)
Combining Eqns. (16-17) with Eqns. (14-15), the induced velocities can now be expressed as:
Viz = QRsin (V) — Vgsin (¥ + ¢), (18)
Viy = Vrcos (¥ + ¢) — Vi cos (V). (19)

Unsteady aerodynamics, supported on an analytical framework, is still nowadays a direct con-
sequence of the work of Theodorsen on potential flow for the lift and pitching moment on a pitching
and plunging thin blade/airfoil (Theodorsen 1935). Such theory considers small perturbations and
an harmonic motion. Since the function that Theodorsen found was solely dependent on the re-
duced frequency of oscillation of the airfoil, k, it was concluded that this one was the correct way
to consider the flow unsteadiness. In the model proposed here the Garrick (Garrick 1936) model is
adopted instead as a starting point. Garrick expanded the early Theodorsen work by introducing
an equation for the propulsive force on a pitching thin airfoil. His model is formulated by balancing
the conservation of energy in order to compute the propulsive energy as a function of the structural
energy and flow wake energy, and also by a direct computation of forces, with the propulsive force
computed directly by determining the leading edge suction on a thin airfoil. The model proposed
by Garrick will therefore be used to take into account the aerodynamic unsteady effects of the
oscillating cyclogyro blades. The two-dimensional unsteady lift is thus given by:

L 1
g = pb2 (Vrmw — mblace) + CrLasppVrbDF |:VR O+¢)+0b <§ — I> w] (20)
+—CLQ3D£ Vb [VRw +b (% - 1) acc] ,
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where F' and G are standard Bessel functions of the first and second kinds of argument k. These
functions are components of the initial Theodorsen’s function used to analytically express the
vorticity on a harmonically pitching flat plate (Heerenbrink 2011), ~,(z,t) (see Fig. 4-b)), whose
expression is given by the following:

b 0o ;[ b=E

N 0 (x) 1 [ A& w - ew(m)

U =—— d r dg. 21

i (0) + VoD = — o [ Bl + T f [ e (21)
—b

The 3-D lift curve slope of the airfoil is given by (Raymer 1989; Etkin and Reid 1996):

CLasp 27

A B 242 ’
la

(22)

where 8 = +/1 — Ma? is the Prandtl-Glauert compressibility factor, which in the present case is
approximately equal to one since, for a low pitch mechanical system, the tip blade speed is generally
much lower than the speed of sound, resulting in a very low Mach number. The airfoil sweep angle,
A, is neglected since the cyclogyro is composed by straight blades. In this way, the equation for
the 3-D lift curve slope reduces to:

27 A
CLaBD = : 2j2 . (23)
24 ot +4
The torque, M, and power, P, are then expressed by the following:
M =" (F,Rcos (¥;) + F,Rsin (¥,)), (24)
i=1
P =MQ. (25)

The flow in cyclogyros is quite complex and impossible to be predicted with pure analytical tools.
Leger et al. (Leger et al. 2015b) proposed and validated a semi-empirical approach in order to
simplify the problem. Such approach required the introduction of an empirical parameter in order
to scale the resultant velocity, while neglecting the induced angle (¢ = 0) and downwash velocity:

QR
VR = 77 (26)
where,
34 —0.187
E=1‘864[N~C-R-S~9 ] > 1. (27)

is a generic function obtained trough experimental data available for the Bosch Aerospace cyclo-
gyro (McNabb 2001). The function of Eqn. (27) was here re-formulated in order to account for the
variation of the number of blades. Generally, the maximum and minimum pitch angles are sym-
metric. However, it is perfectly possible to consider rotor configurations with asymmetric pitching
by considering the average value of the difference between the maximum and the minimum pitch
angle #,,. The maximum and minimum pitch angles can be obtained by computing the derivative
of Eqn. (4).
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L3: 200 kgf lift / rotor

.Q, Airfoil NACAO0016
Span (S) 1.2m
Chord (¢) 0.3 m
Rotor Diameter 1.2m

Pitching Axis (PA) Pitching axis PA 0.105 m

h Control Rod distance (d)  0.120 m
. )%/ Omax (¥=90°) 4+36°
0.3—m Oumin (P=270°)  _39°

Number of blades 6

FIG. 5. IAT21 L3 Cycloidal Rotor configuration. The L3-CR comprises six NACA0016 blades
with a chord-to-radius ratio equal to 0.5 and a span-to-diameter ratio of one.

NUMERICAL METHOD AND MODEL VALIDATION

For the purpose of validating the computational and analytical models, the available experi-
mental data for the IAT21 L3-CR configuration (Wills and Schwaiger 2012) is used. The L3-CR
comprises six NACA0016 blades with a chord-to-radius ratio equal to 0.5 and a span-to-diameter
ratio of one, see Fig. 5. The pitching axis (PA) 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 periodic pitching
schedule varies from 6 = +36°, in the top section of the rotor (¥ = 90°), to # = —39°in the bottom
section of the rotor (¥ = 270°), resulting in an asymmetric pitching profile. This blade pitch angle
variation, which is provided by a four-bar-linkage mechanism, can be described by Eqn. (4) and
the angular velocity, w, of the oscillating blades is given by Eqn. (6). The length of the control
rod (L = 0.61 m), the magnitude of eccentricity (e = 0.073 m) and the phase angle of eccentricity
(e = 0°) were defined in order to obtain the desired pitching profile.

The numerical methodology employed in this work was preformed on Ansys Fluent 15® (ANSYS
2013). It is based on a Finite-Volume implementation of the incompressible, unsteady Reynolds-
averaged Navier-Stokes equations on 2D, unstructured, moving meshes. The validity incompress-
ibility assumption is later justified on the basis of the maximum velocities involved. For coupling
the dependent variables that compose the incompressible Navier-Stokes equations, a pressure-based
coupled algorithm is used, which allows performing unsteady computations with a Courant number
of order 100 within each time-step. A suitable time accuracy is achieved by employing a fully-
implicit second-order time-discretization method, while, for space interpolation, the second-order
linear-upwind differencing scheme is adopted for the convective terms and the central-differences
scheme is used in the diffusion terms. For the entire computed range of rotating speeds it is as-
sumed that the compressibility effects are negligible, since the highest blade tip velocity is Vp ~ 63
m/s for a rotating speed of 1000 RPM. For such air velocity we obtain a Mach number of ~0.18,
below the threshold of compressible flow (Ma = 0.3).

9 Xisto et al.



Grid and time-step independence study

A grid sensitivity study was performed in order to reach a final solution that can be consider
independent of the mesh size and quality. Three different grids were built with increasing size:
grid-0 with ~176,000 cells; grid-1 with ~300,000 cells; and grid-2 with ~500,000 cells. Figure 6
shows one of the numerical grids (grid-1) used for the computation of the IAT21 L3-CR rotor. The
overall domain has a circular shape with radius equal to R, = 40R. A detail view of the rotor
mesh and of one of the blades (U = 60°) is also reported in Fig. 6. The outer domain (2 = 0
rad/s) is a fully unstructured grid that exchanges information with the rotating rotor domain (£2),
which is also fully unstructured, through a sliding-mesh interface. For the blades six independent
circular domains with center located at 35% of the blade chord length have been generated. These
are composed by O-type structured grids in the boundary layer region and unstructured cells for
the remaining part of the numerical mesh. The O-type mesh is required in order to achieve a
desirable value for the ™, in our case less than one. Each one of the domains comprising the
blades prescribes the movement that is given by Eqn. 6 and also uses a sliding mesh interface
for exchanging information with the rotating rotor. Regarding boundary conditions, for the outer
boundary an inlet-outlet condition is imposed and for the walls a non-slip condition for velocity is
selected. The time-step used in the grid independence study was dt1 = 7'/720, where T' = 27 /Q) is
the period of pitching and rotation. This time-step size is defined so as to obtain a rotor rotation of
0.5°per time-step. For all the cases 20 rotor revolutions are computed, although a time-converged
periodic solution is found after 10 rotations. Within each time step the solution is computed until
the residuals drop bellow 1075,

Figure 7-a) shows the thrust variation with rotational speed computed on the three different
grids, and using two different turbulence models (Spalart-Almaras, k-w SST-Shear Stress Trans-
port). The values for power, computed in the same grids and using the same turbulence mod-
els are plotted in Fig. 7-b). For a better comparison the log;, —log;, plots are enlarged in the
Q = 500 RPM region. One can observe that, as the grid is refined, the computed results for thrust
and power do not significantly change. The difference between thrust on grid-1 and grid-2 is less
than 1% and the difference in power for the same grids is less than 0.5%. Therefore one can consider
that the results obtained with grid-1 are grid independent. Hence, for the remaining part of this
paper, similar grids were generated.

For all the three grids a time-step independence study was also preformed. Figure 7-c) shows
the results obtained for thrust in grid-1 for three consecutively refined time-steps: dt0 = T'/360;
dtl = T/720; dt2 = T'/1000. The results for power, using the same grid and time-steps are plotted
in Fig. 7-d). One can observe that there is no significant difference between the plots of dt1 and
dt2, thus following the same conclusions of the grid independence study, the dt1 time-step is used
for the remaining part of this paper.

Comparison with experiments

Figure 8 shows the results obtained using the two different turbulence models (Spalart-Almaras,
k-w SST) on grid-1 and using the time-step dt1. Both models are reported for providing satisfactory
solutions in the presence of adverse pressure gradients and dynamic stall (Martinat et al. 2008).
From Fig. 8-a), one can observe that the thrust vs. rotation speed curves, which were computed
with the Spalart-Allmaras model, almost overlap the results obtained with k-w SST model. Instead,
the comparison of the results in terms of rotor power consumption, which are shown in Fig. 8-b),
indicates that a better match with experiments is obtained with the Spalart-Allmaras turbulence
model. Following these results, we assume that the Spalart-Allmaras model could be used for
predicting the overall thrust generated and power consumption in the remaining test cases of this

paper.
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FIG. 6. Two-dimensional numerical domain used for the computation of the IAT21 L3-CR. The
overall domain has a circular shape with radius equal to 40R.

Figure 8 also draws a comparison between the analytical and CFD results with the experi-
mental data available for the L3-CR configuration. We can observe that the current CFD model
over-estimates thrust (Fig. 8-a)) and slightly under-estimates power consumption (Fig. 8-b). It
is believed that the over-prediction of thrust is related to the two-dimensional approximation of
the rotor, meaning that the 3D flow losses, occurring near the endplate are being neglected (Leger
et al. 2015a). The under-estimation of power is also related to the same neglected 3D losses, and
also to the fact that only the aerodynamic component of the overall power was computed, meaning
that the parasite power, required to rotate the rotor frame (without blades) was not accounted for.
A better match is observed in the comparison between analytical results and experimental data.
However it should be highlighted that the analytical model was calibrated with a generic linear
function E (Eqn. 27), which was defined using the experimental data available from the six-bladed
Bosch Aerospace (Boschma 2001), it can be inferred that for cyclogyros working within on-design
conditions the present analytical model represents a suitable tool for assessing the rotor efficiency.
Nevertheless, it will be shown that in off-design conditions the analytical model fails to predict
several important phenomena.

PERFORMANCE PARAMETRIC ANALYSIS

In the following section a parametric CFD/Analytical analysis of four key parameters on cy-
cloidal rotors was performed. The analysis starts considering the effect of the blade profile, and in
particular of the airfoil thickness, on the hovering performance of the rotor. Afterwards, the influ-
ence of rotor solidity is addressed, in our case by varying the number of rotor blades and keeping
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FIG. 7. Results obtained for the grid (a-b) and time-step (c-d) independence studies in
log;y —log;, plots. The plots are enlarged in the region of (2 = 500 RPM.

the chord length constant. In subsection 4, the effect of chord-to-radius ratio (which means again
to vary the rotor solidity, this time by keeping the nr. of blades constant) will be studied. The
final test comprises the effect of the pitching axis location. In Table 1 the rotor dimensions and
the variables used in the parametric study are listed. Throughout the study, the limitations of
using analytical models in the prediction of thrust and power in non-ideal (off-design) operating
conditions, where more stringent flow patterns occur, will be highlighted.

TABLE 1. Rotor dimensions and variables used in the performance parametric analysis.

Rotor dimensions Parameter Variable
Span, S 1m NACA 0006 — 0010 — 0015 — 0018
. Nr. of blades (N) [2—3—4—6
Radius, £ 0-5m & ord (m) 0.125 — 0.25 — 0.375
Pitch amplitude, aq | 40° P A location 12.5% — 25% — 35% — 50%
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Influence of cyclogyro blade section geometry

As the radius is increased, the airfoil section could play a significant role in the aerodynamic
performance of the cycloidal rotor. In this section the effect of airfoil thickness for several rotation
speeds is analyzed. A similar study was already performed for micro-air-vehicle (MAV) cyclogyros
(Benedict et al. 2010b); here such analysis is extended for large scale rotors, which represent the
main subject addressed by the CROP FP7 project. The rotor dimensions selected for the analysis
are listed in Table 1. In this test case, the number of blades, the chord length and the pitching
axis location are fixed parameters, N = 4; ¢ = 0.25 m; PA = 25%, respectively. Four different
configurations with increasing airfoil thickness were analyzed, corresponding to the NACAO000G;
0010; 0015; 0018 profiles. The pitch angle amplitude was fixed between 40° and -40°, and an ideal
pitch angle equation was used to described the oscillatory movement of the blades:

0 = ap - sin(Qt + ¥y) (28)
The time derivative of Eq. (28) provides the angular pitching velocity of the blades:
w=0=ag-Q-cos(Qt + Ty) (29)

where ag = 40°is the pitch amplitude and ¥y is the initial blade position. The rotor rotates
counter-clockwise and the pitching axis is located at 25% of the chord.

The numerical domain is 2D with a circular shape (Ro = 40R m). In order to properly solve
the boundary layer region an hybrid mesh was again generated with a structured O-type grid near
the blades and an unstructured grid in the remaining numerical domain. Each one of the computed
cyclogyros is composed by four sub-blocks (blades) that should obey to Eqn. (29). These sub-
blocks communicate with the rotating rotor with a sliding mesh grid interface, and the rotor will
also exchange information with the stationary grid with a sliding interface. For the computations,
the same solvers and models described in the previous section were employed.

In Fig. 9-a) the power loading (Pr, thrust per unit power) vs. disk loading (Dp, thrust per unit
area) is shown in a log;, — log;( plot. The disk loading was obtained using the rectangular projected
area of the cyclogyro (A = S x 2R, A = 1 m? in our case). Such a plot is particularly useful, in
that it provides a convenient way of measuring the efficiency and the thrust-producing capability
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of the cycloidal rotor (Benedict 2010). As the airfoil thickness is increased, the power loading also
increases for all values of disk loading, see Fig. 9-b). Such an effect is given by a simultaneous
increase of thrust and a decrease of power. In order to understand the mechanism that is behind
the improvement in the rotor efficiency, we have plotted the streamlines for the relative velocity in
Fig. 10. We can observe that for the NACA0006 rotor, the flow is separated when each one of the
four blades is in the top rotor position ¥ = 90°. As we increase the thickness, the recirculation
zone size reduces, until it becomes almost negligible for the NACAO0018 test case. This is a direct
consequence of the fact that a higher stall angle is associated to thicker aerofoils. We note that,
for the tested pitch angle amplitude, the flow only separates in the top position of the cyclogyro,
since here the virtual camber effect induces a negative camber on the airfoils.

Virtual camber can introduce significant changes in the aerodynamic behaviour of each blade.
Each point along the blade chord line experiences a different local velocity as a consequence of the
superimposition of the (steady) rotor angular velocity and of the (harmonic) blade pitch velocity.
For the present case, this effect will result in a negative equivalent camber when the blade is in its top
position, and a positive equivalent camber when the blade is in its bottom position; such positions
coincide with both extremes of the pitching function (90° and 270°). As a consequence, a larger
force is generated by the bottom blade when compared with the top blade of the rotor (negative
lift can also be obtained here). It is worth noticing that the virtual camber effect is normally
predicted according to the thin airfoil theory undergoing harmonic motion that was proposed by
Theodorsen. Such theory only applies to a cyclogyro when the chord-to-radius ratio is small. The
virtual camber phenomenon is more pronounced when the blades have a high chord/radius ratio.
As a consequence, its actual impact on the performances of the aerofoils needs to be verified for high
chord to radius ratio cyclogyros by means of CFD analysis. This will be the subject of subsection
4.

One solution for canceling the virtual camber effect on cyclogyros could be the incorporation of
geometrical cambered blades in the rotor. However it is known that in a cyclogyro the blades need
to operate at positive and negative angles of attack. This means that if the blade has a positive
geometrical camber when it reaches the upper part of the cyclorotor, it will also have a negative
camber in the lower half of the cyclorotor, possibly determining a drop on rotor performance due
the occurrence of stall. Nevertheless, cambered blades could improve rotor performance if the
camber could be changed in the upper and lower half of the rotating cycle. Flow separation could
also be reduced, or avoid, with the inclusion of active flow control techniques such as Dielectric
Barrier Discharge (DBDs) plasma actuators (Abdollahzadeh et al. 2014b; Abdollahzadeh et al.
2014a; Xisto et al. 2014a; Abdollahzadeh et al. 2015; Xisto et al. 2015).

The analytical (dashed lines) results for power loading as a function of disk loading are also
compared in Fig. 9-a) with the CFD results (solid lines). One can observe that a better match
between them is obtained as the airfoil thickness increases. This is related to the fact that the
analytical model does not take into account the complex flow mechanisms that are associated with
flow separation.

Effects of number of blades on cyclogyro operation
The second parameter we considered is the number of blades. Increasing the number of blades
means increasing the solidity parameter, defined as:

N -c
g =

2mr (30)

For this analysis the NACAQ0018 blade is chosen, as the best performing airfoil among those tested
in the previous analysis. The same rotor parameters of the previous test case are kept here, with
the exception that now the blade profile is fixed and the number of rotor blades varies.
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contour plots, computed in the rotor azimuthal top position (¥ = 90°).

Figure 11-a) shows the computed (solid lines) and analytically (dash lines) obtained power
loading results as a function of disk loading (log;, —log;,), for a pitch amplitude of 40°. One
can see that, in the CFD results, the 3-bladed rotor exhibits the highest values of power loading;
therefore, for the selected pitch amplitude, the three-bladed rotor should represent the optimal
choice in terms of overall efficiency. However, it is also observed that a higher thrust is achieved
by the four-bladed configuration; hence, we can conclude that when power consumption is not a
factor, a four-blade configuration is more desirable. When two more blades are added to the rotor
(6 blades) the interference effects come into play and the rotor power loading, and even the thrust
capability, is highly deteriorated. Regarding the analytical results, a good agreement with the
CFD data can only be observed, as expected, for configurations with a low number of blades. Once
again, under non-ideal conditions, the present analytical model fails to predict thrust and power on
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cyclogyros. This conclusion seems to be in contradiction with the validation test case, where the
analytical model preformed better. However, for the parametric study the pitch angle is higher,
meaning that the flow separation is more likely to occur.

Figures 11-¢) to f) show the velocity magnitude contours for each one of the analysed 40°pitch
configurations. In the same figure it is possible to observe the exit flow direction and magnitude. It
was expected that, as the number of blades is increased, the exit flow angle also increases. However
the 3-bladed rotor is showing a higher exit flow angle when compared with the 4-bladed rotor test
case. A detailed observation of Fig. 11-f) also reveals that the flow is less uniform in the six-bladed
rotor when compared with the remaining configurations, following the conclusions of Fig. 11.

A second test case, for a pitch amplitude of 20°, was also performed, in order to verify if the
interference effects are also dependent on the pitching amplitude. The power loading vs disk loading
variation for the ap = 20° test cases is shown in Fig. 11-b). In this case, it is the two bladed rotor
that exhibits the highest values of power loading for the same disk loading, while the rotor with 6
blades is the one producing the highest thrust, followed by the rotor with 4 blades. This behavior
was not observed for the cases at ag =40°. Regarding power consumption, the six-bladed rotor is
seen to remain the most demanding of all.
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Effect of chord length on cyclogyro operation

In this section three different chord lengths, 0.125, 0.25, 0.375 m, are tested for a fixed rotor
radius and keeping the number of blades at a constant value of N = 4. In this way it is possible to
analyze the effect of chord-to-radius ratio on the cyclogyro efficiency in hovering conditions. For
the remaining parameters, the values of the previous sections are used (PA = 0.25%; NACA0018)

Figure 12-a) shows the power loading variation with disk loading for rotors with different chord
lengths, as computed by both the analytical (dashed lines) and CFD (solid lines) models. The
analytical model is observed to provide acceptable estimates, with respect to the CFD solution, for
a chord-to-radius ratio above 0.5; although thrust is being over-estimated for all cases. The biggest
discrepancy between the two solutions occurs for ¢ =0.125 m, as the analytical model is seen to
strongly underpredict power consumption.

The results plotted in Fig. 12-a) and b) clearly show that the best chord-to-radius ratio is 0.5,
for this specific configuration; such a finding is in contradiction with the experimental results of
Benedict et al. (Benedict et al. 2012) for MAV-scale rotors. They have shown that for a pitch
amplitude of 40°, the best ¢/R is around 0.8, while here we verify that for ¢/R = 0.75 the power
loading results are much lower than the ones obtained with ¢/R = 0.5. This is a clear indication
that, as we up-scale these machines, Reynolds number effects come into play.

Figures 12-c), d), e) show the velocity magnitude contours, which were computed in the three
different rotors for a rotating velocity of 200 RPM. One can verify that the outflow angle increases
with the chord-to-radius ratio; this is mainly is due to the flow curvature effect (virtual camber
and incidence), which is more severe in high ¢/R rotors (Benedict et al. 2012).

Pitching axis location

The final parameter tested here is the location of the pitching axis (PA) in terms of percentage
of chord length. Four locations for the PA are analyzed, namely at 12.5%; 25%; 35%; 50% of
the chord. For this case a chord length of ¢ = 0.25 m was selected together with a total of four
NACAOQ0018 blades.

Figure 13-a) shows the variation of power loading with disk loading for rotors with blades
pitching at different axis locations on a log;; —log;, plot. The analytical solution is also plotted
(dashed lines). As expected, the analytical model cannot account for the variation of PA, providing
almost the same results as the PA is moved. Regarding the CFD solution, one can clearly see that
the rotors with PA located at 35% and 50% of chord length provide the same hover efficiency.
Moreover the rotor with PA at 35% can provide more thrust for the same rotation speed when
compared with the other rotors, and the thrust generated by the rotors decreases with the proximity
between the PA and the leading edge. This clearly shows that an ideal setup, for the specific
configuration of Table 1, corresponds to a PA location between 25% and 50% of the chord length.

The CFD results here obtained for large scale cyclogyros are also partially in contrast with
the experimental ones obtained by Benedict (Benedict 2010) for MAV-scale rotors. The reduction
of power loading as the PA is moved towards the leading edge is confirmed by the experimental
findings of Benedict. However, in (Benedict 2010), such a reduction is accompanied by an increase
in thrust, which is not detected here. This indicates that the Reynolds number also influences
the optimal location of the PA. Figures 13-b), ¢), d) and e) show the velocity magnitude contour
plots that were computed for a rotation speed of 200 RPM for the different PA locations. One
can observe that as the PA is moved away form the leading edge, the flow pattern becomes more
smooth; this could be an indication that stall effects and pressure drag on the blades are reduced,
thus increasing the generation of thrust and decreasing the power consumption.

CONCLUSIONS
In this paper a novel parametric CFD and analytical study of four key geometrical parameters
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FIG. 12. a)Power loading variation with disk loading for rotors with different chord-to-radius
ratio on a log;, — log,, plot: Analytical (dashed lines); CFD (solid lines). b) Power loading vs.
chord-to-radius ratio at a constant disk loading. Velocity magnitude contour plots, computed
in a four-bladed rotor for a rotating speed of 200RPM with a varying chord: c) ¢ = 0.125 m;
d) ¢=0.25 m; €) ¢ =0.375 m.

ruling the design of cycloidal rotors was performed, namely the blade thickness, the number of
blades, the chord-to-radius ratio and the pitching axis location.

For the investigated cases, with fixed pitch amplitude, the rotor efficiency and also thrust
capability increases with blade thickness. It should be noted that the efficiency of cyclogyros is
also significantly affected by the pitching amplitude. The resultant force increases with the angle
of attack until stall is reached at most azimuthal positions. The stall angle can also be increased by
increasing the airfoil thickness. However thicker aerofoils tend to increase drag, thus a compromise
between lift and drag needs to be obtained for the entire range of operation of the cyclogyro.

Regarding the number of blades, our results show a reduction in efficiency as the number of
blades is increased. We have verified that this effect was not observed in MAV scale rotors by other
authors (Benedict 2010); however, for similar rotor dimensions R = 0.4 m (Kim et al. 2003) the
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same trend was observed in experiments. This effect is less pronounced for lower pitch amplitudes,
because of a reduction in blade wake.

The CFD results for the chord-to-radius variation have shown that, for this particular rotor, a
ratio of ¢/R = 0.50 is the one that provides a better hover efficiency. This result contradicts the
previous experimental results for MAV-scale cyclogyros operating at a similar pitching amplitude,
which indicates that the behaviour of ¢/R is also a function of the Reynolds number. Such scale
effects suggest that, albeit many work has been made at M AV-scale in recent years, it is important
to develop research at larger scale to verify the operation and performance of cyclogyros. The results
here obtained for the pitching axis location are also in a slight disagreement with the MAV-scale
experimental data. The CFD results here obtained for large scale rotors show that the generated
thrust is higher for PA of 35%, and decreases as the PA is located closer to the leading edge. This is
also an indication that the PA location can also have a strong dependence on the Reynolds number.

The limitations of the proposed analytical model for predicting thrust and power in non-ideal
flow conditions were also highlighted. These limitations were evident when mechanisms like flow
separation or blade interference effects were of major importance in the performance of cycloidal
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rotors. However, the new analytical model is very useful for the earlier design stages of cyclogyros,
in order to define the appropriate rotor dimensions for a specific aircraft payload and mission.
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