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China horizontal axis. To focus on the Magnus blade, a single self-spinning cylindrical blade
Full list of author information is is assumed. An iterative direct-forcing immersed boundary method is employed
avalable at the end of the article within the Eulerian-Lagrangian framework due to its capability to treat complex and
moving geometries. The Eulerian fluid domain is discretized using the finite volume
method while the Magnus rotor is represented by a set of discrete points/markers.
The aim of the numerical studies is to provide insights for the design process and
predict aerodynamic performances under various operating conditions. Results for
stationary and self-spinning cylinders in turbulent flows are found to be in good
agreement with published data. By increasing the aspect ratio of the cylinder
(simulated segment length over its diameter) from 3 to 10, a 30% drop in lift
coefficient and a 22% increase in drag coefficient were observed, which is believed
to be attributed to an enhancement of the three-dimensionality of the near-wake.
For the Magnus rotor, key parameters such as dynamic forcing and frequency,
distribution of pressure coefficient and torque have been produced for two cases
with different structural designs and working conditions. With increase of the aspect
ratio from 3 to 10, stable forces are observed from the root side of the blade and the
torque coefficient increases from 0.68 to 2.1, which indicates a superior performance
in terms of power extraction.
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1 Introduction

The Magnus effect is a method of producing lift forces around a rotating body when
placed in the cross-flow of a fluid, and can be easily observed in a wide range of disci-
plines and applications, such as the curving motion of a spinning ball in various field
sports. Compared with other lift generation devices, such as aerofoils, it has been
claimed by many researchers that the Magnus effect force can reach much higher mag-
nitudes given the same projection area and inflow velocity, and has no risk of stall [1,
2]. The general accepted view of Prandtl’s limit on lift coefficient (Cy,,,, = 47m) was
exceeded from the experiment of a rotating cylinder by Tokumaru & Dimotakis [3].
The reason for the violation is that Prandtl’s limit is derived for two-dimensional flow
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but in reality, the three dimensional and end-effect of the rotating cylinder can result
in an increase in generated lift [4].

Current research on the Magnus effect can be divided into several categories and the
most extensively studied case is for a single cylinder rotating in the cross-flow. Mittal &
Kumar [4] reported the effect of velocity ratio on the lift coefficient and vortex gener-
ation in a laminar flow of Re =200. They also suggested that an increase of the aspect
ratio of the cylinder (spanwise length/diameter) plays an important role in the increase
of lift and the decrease of drag. Another proposition to improve the lift coefficient on a
rotating cylinder was made by Thom [5], who suggested adding endplates to the cylin-
der which was later proved to be effective by the research of Badalamenti & Prince [6].

Another area of interest that has been investigated for many years is the development of
power generation devices based on the Magnus effect. The first engineering application of
the Magnus rotor is the ‘Flettner rotor’ which was successfully trialled on a ship. Later, the
‘Savonius rotor’, which consisted of two semi-circular plates, was implemented in the design
of wind turbines [7-9]. Akira et al. [10] produced a study on the classical horizontal-axis-
wind-turbine (HAWT) concept by replacing the aerofoil blades with Savonius rotors. The
power coefficient reported from their experimental test in a wind tunnel is 0.075 for a Mag-
nus rotor with five-cylinder blades. Although the power conversion efficiency is relatively
small as compared with the traditional HAWTSs, several advantages have been identified,
such as less noise impact, lower rotational speed and longer durability, which have provided
an open space for future development. The need for further research on Magnus kinetic
turbine was also emphasized by Sedaghat [11] who developed a blade-element-momentum
(BEM) approach that relies on pre-existing knowledge of the Magnus blade aerodynamic ef-
ficiency. A similar approach was also developed by Richmond-Navarro et al. [12]. Recently,
Kazemi et al. [13] presented a novel design of a Magnus wind turbine. Instead of using a
circular-section blade, they introduced a new blade section similar to NACA0021 airfoil
with a rounded head and tail. Magnus effect was produced by circulating the blade’s surface,
and the maximum lift to drag ratio of 130 was achieved, proving the high efficiency and
feasibility of the novel Magnus wind turbine design.

This paper aims to provide an insight of the performance of a Magnus blade of a horizon-
tal axis kinetic turbine under different working conditions using a turbulent flow simulation
investigation. Focus is given on the performance of a single blade and its key parameters,
whereas, the interaction between the blades is left for a following study. Such an approach
is also inherent in the widely-used BEM theory that corrects for the blade interaction only
at a second stage [14]. The organization of the paper is as follows. First, the presented meth-
odology is validated respectively for a stationary cylinder and a spinning cylinder in turbu-
lent flows. The performance of a spinning cylinder with different aspect ratios is then
investigated for two operating conditions with AR =3 and 10, Re = 1.0 x 10>, and a =2.
Further, a Magnus rotor rotating around a fixed axis while self-spinning is tested and key
parameters, such as lift, drag and torque, are presented for discussion.

2 Methodology and simulation setup

2.1 Governing equations

The numerical simulations are carried out using CgLES-IBM [15, 16], which is an in-
house Computational Fluid Dynamic (CFD) C code designed for fluid-structure
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interaction problems. This code has been used for many years by several researchers on
high-end computing facilities and is highly parallelized and efficient. Recent applica-
tions include sediment entrainment in turbulent channel [17, 18], red blood cell aggre-
gation [19, 20], marine current turbine [21], and vortex-induced vibration of cylinders
[22-27].

The code solves the incompressible viscous single phase Navier-Stokes equations:
du+ (u-Viu+ Vp =vViu+f, (1)
and the continuity equation,
V.-u=0, (2)

where u and p are the fluid velocity and pressure, v is the kinematic viscosity and f is
a volume force term (gravitational force and feedback force). The Eulerian fluid domain
is discretized with a second order finite volume method with a staggered Cartesian grid.
To decouple the velocity and pressure field, the two-step ‘predictor-corrector’ projec-
tion method is employed. The third-order Runge-Kutta scheme is used for time
advancement.

An iterative direct-forcing immersed boundary method [15] has been adopted to rep-
resent the solid body by a set of discrete points, which are allowed to move either at a
given speed (as in this study) or by surrounding dynamic forces. In contrast with the
traditional approach that uses body-conformal meshes, the current scheme requires lit-
tle effort in mesh generation, and can be applied to a wide range of problems, especially
those with complex flows and geometries. The communication of velocity and forces
between the surrounding fluid and solid bodies are achieved by setting a boundary con-
dition on a set of Lagrangian points/markers. For a viscous fluid, this can be expressed
as

where U = I(u) is the interpolated velocity from the surrounding flow field using a delta
function I and V is the fixed velocity given as boundary condition. Through the
interpolation, the physical field from the Eulerian domain is projected to each individ-
ual point/marker and the feedback force can be computed as the difference between
the desired velocity (V) and interpolated velocity (U). Then, the calculated feedback
force is mapped back to the Cartesian grids as a body force via the same delta function.
Overall, the present scheme fits in the framework of Eulerian (fluid)-Lagrangian (solid)
system. Another advantage of the proposed scheme is the ability to employ fast Poisson
solver with the structured arrangement of Cartesian grids. In the present study, the
BiCGSTAB solver together with a geometric multi-grid pre-conditioner was used to
solve the pressure Poisson equation, which was successfully applied to the studies of a
horizontal axis marine turbine [21, 28].

To simulate turbulent flow, large eddy simulation (LES) is carried out using a Mixed-
Time-Scale (MTS) sub-grid model [29]. The Sub-Grid Scale (SGS) model uses fixed
model-parameters and is constructed within the concept of a mixed time-scale, where
the eddy viscosity (v,) is expressed by (velocity scale)* x (time scale). And the velocity
scale can be obtained from the turbulent kinetic energy k.,
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koo = (ﬁ-ﬁ)z, (@)

where @ is the filtered velocity by the Simpson rule. The time scale can be calculated
using the harmonic average of A/v/k,s and 1/|S|:

75! = (8/Via) "+ (Cr/8) ®)

where A is the averaged grid spacing and S is the strain-rate tensor computed from the
filtered velocity field. Cr= 10 is a parameter based on the a-priori tests by Inagaki et al.
[29]. The turbulent viscosity can be calculated as:

Ve = CMTSkesTgly (6)

where Cy;7s is a parameter set to 0.05, as in Inagaki et al. [29]. In the near wall region,
the velocity scale is close to zero and the time scale is averaged to a shorter scale, so no
wall-damping function is needed.

2.2 Simulation setup for the Magnus rotor

In Fig. 1, the rotor is shown rotating counter-clockwise in the X-Y plane while the cy-
linder itself is spinning counter-clockwise in the y axis. The spinning of the cylinder is
expected to generate positive force in the direction of the rotor rotation. With the rota-
tion of the Magnus rotor, the additional lift force on the blade is used to provide
torque, and hence can be used as a power extraction device, like a horizontal axis kin-
etic turbine. Two sets of coordinate systems are employed: a global coordinate system
to keep track of the location of the rotor and a local coordinate system fixed on the cy-
linder to take account of the self-spinning. At a given time 7T, the angle rotated by the
rotor from its initial location can be determined by ¢ = Q7, and the global coordinates
of the immersed boundary points (X,, Y, Z.) on the rotor can be updated accordingly.

Free-stream flow

Cylinder rotation

~ Blade rotationé

Fig. 1 Schematic view of single-bladed Magnus rotor
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The local coordinate system is initially set to be the same as the global system and ro-
tates against the Z-axis, in which the location of the Lagrangian markers (x, y,, z.) re-
mains unchanged at all times. The final desired velocity can be obtained by considering
both the rotor rotation and self-spinning of the cylinder, which is used to obtain the
dynamic forcing and to correct the surrounding flow field. We write u, for the velocity
vector of rotor rotation and u, for the velocity vector of self-spinning, and the velocity
boundary condition on each of the Lagrangian markers can be obtained by

" + u, -Y.Q + z.wcos(¢)
V=(v+v)=(XQ+zwsin(p) ). (7)
Wy + W, X

2.3 Calculation of dynamic loading

The force vector F on the rotor blade is set as the sum of the forces on all the markers
over the exposed faces and is calculated in three directions. Using the global coordinate
system shown in Fig. 1, the lift force (F;) is in the -X direction, drag force (Fp) is in the
+Z direction, and Y is a kind of ‘axial’ force (F4). To investigate the dynamic forcing on
the spinning cylinder, the global drag, lift and axial forces were then transformed to the
local coordinate system at each time instance. Using the notation specified above, the

local forces can be calculated as:

; = F1 cosp + Fy4 sing, (8)
fd = FD7 (9)
f, = —-Fsing + F4cos¢. (10)

The dimensionless force coefficients for the Magnus blade are evaluated by the com-
monly adopted definition for the case of flow over a cylinder. The coefficients for drag,
lift and axial force are specified as below:

C, = lfid (11)
5puiDL

C = 1# (12)
Epui,DL

Co=—Jo (13)
1 U2 nD”
2P% ="y

The torque on the Magnus blade is computed using the local force and coordinates.
Summing over all Lagrangian points, the torque and its dimensionless coefficient can

be evaluated by,

Iy = Z(.fl '.yc_fu 'xC)’ (14)

IBPs
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ts

Ct - 1— .
3 pU?*DL?

s

(15)

For an operating Magnus rotor, the power coefficient can then be computed using
the rotor angular speed, rotor diameter and free stream velocity,

£,0
Cpower=———. (16)
p 2
Lous
2 4

3 Results for a single spinning cylinder

To show the accuracy of the adopted numerical methodology, two validation cases
were selected for an infinite length cylinder in turbulent flow with a Reynolds number
Re=1.4x10" and velocity ratios & = 0.0 and 2.0. Moreover, a mesh sensitivity study
was carried out to investigate the impact of the grid resolution around the cylinder for
a =2.0. Current results showed broadly satisfactory agreement for all the validation
cases as compared with available experimental measurements and numerical data. De-
tails of the validation cases are in Appendix.

In this section, the effect of the aspect ratio (AR = L/D) on the key performance char-
acteristics is numerically investigated for a spinning circular cylinder with finite length
in turbulent flow at Re = 1.0 x 10° and « = 2.0. From the study of Breuer [30] on turbu-
lent flow past a stationary cylinder, the aspect ratio is considered as one of the most in-
fluencing parameters that cause the differences between experimental measurements
and computed results. However, to use Magnus effect for power generation purpose,
the effect of the aspect ratio is yet to be studied.

Two designs of cylinder were selected for the numerical studies with different aspect
ratios and spin speed, as specified in Table 1. The parameters are given in engineering
units and then normalized by the cylinder’s diameter and free-stream velocity. The di-
mensionless Reynolds number and velocity ratio for both cases are the same at Re =
1.0 x 10° and a = 2.0. The cylinder has a circular section in the X-Y plane, with an axis
aligned with the Z direction. In the X-Y plane, the computational box has the dimen-
sions of [-7.8D, 17.8D] x [-12.8D, 12.8D], while in the Z direction the span-wise di-
mension of the computational domain equals to the cylinder’s length. The Dirichlet
boundary condition is used at the inflow (—X), together with free-slip top (+Y) and bot-
tom (-Y) boundary conditions. A Neumann-type boundary condition is adopted at the
outflow (+X), and periodicity is imposed in the span-wise direction. The computational
domain is discretized on a stretched Cartesian mesh with a grid resolution of 256 x
256 in the X-Y plane. An embedded uniform sub-mesh with spacing of D/64 around
the cylinder is employed. Uniform meshes are adopted in the Z direction with the
number of span-wise grids being 192 and 96 for Cases 1 and 2, respectively. The time

Table 1 Computational parameters of the single spinning cylinder

Cases AR Re D (m) L (m) w (rad/s) a U.. (m/s)
1 10 10° 03 30 6667 20 5

2 3 10° 1.0 30 6.00 20 15
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step size was chosen to make the maximum Courant number approximately equal to
0.35 for both cases.

Table 2 shows the comparison of drag and lift coefficients for the two cases. Al-
though the Reynolds number and velocity ratio were the same, significant differences
are present in the drag and lift forces and their r.m.s. values, indicating an aspect ratio
dependency. It is noted that with the increase of the aspect ratio the Magnus effects be-
come weaker, i.e., higher drag and lower lift forces. With an increase in AR from 3.0 to
10.0, the mean drag coefficient C; grows from 0.49 to 0.60, showing an increase of
22%, approximately. While the mean lift coefficient C; decreases from 4.17 to 2.90,
showing a drop of 30%, approximately. The same behaviour is also observed in Breuer’s
[30] study on a stationary cylinder, where results for AR =2.0 showed about 20% in-
crease in drag coefficient as compared to AR=1.0. For spinning cylinder, the 3D
URANS study by Craft et al. [31] for the same Reynolds number and velocity ratio as
the present study showed no aspect ratio dependency for AR =1.0 and 3.0. However, a
more recent LES study by Rolfo & Revell [32] reported both the absolute lift and drag
coefficients drop by nearly 10% when the aspect ratio increases from AR=1.0 to AR =
2.0 at Re = 5.0 x 10° and a = 5.0. For results with AR = 0.5 and AR = 1.0, with the expan-
sion in the spanwise dimension, the drag coefficient increased mildly by 3% and the lift
coefficient decreased by about 10%.

One possible reason of the observed aspect ratio dependency can be attributed to the
three-dimensionality of the near-wake behind the spinning cylinder. This argument is
further confirmed by the contours of the instantaneous stream-wise velocity in the
near-wake, see Fig. 2, in which a clear alternating pattern is observed for the case of
AR =10. The three-dimensional instabilities with increased aspect ratio contribute to
the increase of drag and loss in lift, which is difficult to capture in the previously men-
tioned URANS simulations. The mean pressure contours and the streamlines com-
puted using the averaged velocity in Fig. 3 clearly show the differences between the two
cases. For the case of AR =10, the upper recirculation bubble disappears and the lower
one is compressed due to the averaging along the span-wise direction, which increases
the smoothness of the vorticity strength in the three-dimensional near-wake. For the
case of AR =3, the low-pressure region near the top of the cylinder is significantly lar-
ger than that with AR =10, which explains the larger mean lift for the case of AR =3.
Moreover, two recirculation bubbles are observed close to the cylinder, indicating that
the wake is still strongly affected by the alternate vortex shedding. This could be used
to explain the stronger force fluctuations (r.m.s values) observed for the case of AR = 3.
Nevertheless, the aerodynamic forces acting on the cylinder will still be higher with ex-
tended cylinder length although the benefit could be offset by the additional power re-
quired to maintain the spinning speed of the cylinder. Further investigation is still

Table 2 Comparison of drag and lift coefficients of the single spinning cylinder with different
aspect ratios

Cases AR Ed cd, rms C/ C/, rms
1 10 0.60 0.035 2.90 0.10
2 3 049 0.084 417 0.155
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(a) (b)

Fig. 2 Contours of dimensionless instantaneous stream-wise velocity of (a) AR=10 and (b) AR=3

J

required to fully understand the implications of these findings and propose an optimal
design.

4 Results for a single-blade Magnus rotor

To explore the possibility of using the Magnus effect for power generation, the concept
of a horizontal axis kinetic turbine is adopted. To focus on the Magnus blade, a single
self-spinning cylindrical blade is assumed. Two designs of the Magnus blade are pre-
sented in Table 3, with the key parameters defined in engineering units. The Reynolds
number based on the free stream velocity and the diameter of the cylindrical blade is
1.0 x 10° and a constant velocity ratio of 2.0 is set for both cases to match the previous
study of flow past a spinning cylinder. The rotor’s diameter D, is 7.0 m and the rota-
tional centre is located at (0, 0, 0) m. The size of the computation domain is set as [
22.925, 22.925] m, [-22.925, 22.925] m and [-9.075, 33.050] m in the X, Y, Z direc-
tions respectively. Normalized by the rotor diameter, the computation domain equals
to 6.55D, x 6.55D, x 6D, in three directions. The computational domain is discretized
on a stretched Cartesian mesh with special attention given to the uniform sub-mesh

@ (b)

Fig. 3 Contours of the dimensionless pressure coefficient and streamlines for (a) AR=10 and (b) AR=3

Page 8 of 22
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Table 3 Simulation parameters for the single-blade Magnus rotor

Cases AR U.. (m/s) D (m) L (m) L,(m) Q (rad/s) w (rad/s)
3 10 5.0 03 3.0 0.5 140 66.67
4 3 15 1.0 3.0 0.5 032 6.00

region covered by the rotation of the blade. For Case 3, the total mesh number is 1024
x 1024 x 256 points with the finest spacing of D/40. For Case 4, the total mesh number
is 512 x 512 x 256 with the finest spacing of D/80.

4.1 Magnus rotor simulation with AR =10

The Magnus rotor with the aspect ratio of 10, self-spinning angular speed of 66.67 rad/
s and rotor rotation speed of 1.40 rad/s (Case 3) was run in the computation domain
specified above until the simulation reached a statistically steady state. The time step
size was chosen to make the maximum Courant number approximately 0.7. The dy-
namic forces acting on the blade were monitored throughout the simulation and then
transformed to the local coordinates to compute the dimensionless force coefficient.
The spectra analysis of the recorded data, see Fig. 4, indicates the presence of a domin-
ating frequency for both the lift and drag coefficients. Interestingly, the observed fre-
quency is equivalent to each other which is not observed for flow over a solely spinning
cylinder. The imposed motion of rotation of the Magnus rotor is believed to contribute
to the change of the flow field and hence the dynamic loading on the blade, introducing
more low-frequency oscillations. The simulation was restarted for another 5 rotor rota-

tion cycles while the time averaged statistics were gathered.

0.20 : ! - - - .

——FFT (Lift)
. - - -FFT (Dra

0.15

Amplitude

Frequency

Fig. 4 Spectral analysis of the local force coefficients for rotating Magnus rotor with AR =10
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Table 4 lists the computed force coefficients and their variance. Referring to the
solely spinning case in Section 3, the r.m.s values of the coefficients in the present
simulation increase dramatically, i.e., two times for the lift coefficient and more than
five times for the drag coefficient. With the rotation of the rotor, the mean value of the
lift coefficient on the cylinder blade is 3.18, slightly larger than the value of 2.90 for a
single spinning cylinder. The drag coefficient experiences a more noticeable jump, indi-
cating stronger resistance to the incoming flow due to the motion of rotation. One pos-
sible explanation can be derived by looking at the incidence angle between the inflow
and the surface of the blade. Considering the free stream inflow and the movement of
the blade, the combined inflow will no longer be normal to the front surface of the cy-
linder but is diverted towards the lower surface (assume the cylinder is spinning anti-
clockwise), hence the lift force will be shifted anti-clockwise by the same angle,
resulting in higher drag and smaller lift. Additionally, the motion of rotation will in-

crease the magnitude of the relative inflow, leading to higher absolute forces. For the

D.Q
2.

current case, the tip speed ratio (TSR = 5%=) is about 1, which could offset the inci-

dence angle by 45°. This argument is further confirmed by the distribution of pressure
coefficient along the spanwise of the blade.

Figure 5 shows the contours of dimensionless pressure coefficient on the Magnus
blade. The top plot corresponds to the surface of the cylinder facing the inflow, where
a high-pressure region has formed as the oncoming flow hits the rotating blade. A
closer examination shows the distribution of high-pressure regions is not uniform or
straight along the spanwise direction. This is clearly due to the global motion of rota-
tion. The surface closer to the tip has the largest C, value while from root to the mid-
span, the peak value of C, shows very small variations. On the back side of the cylinder,
a region of low-pressure concentration is observed at the mid-span and extends to-
wards the tip of the blade. The largest absolute value of the negative C, is located
slightly downstream of the middle of the blade, unlike the front surface. Further away
from the bottom face of the cylinder (6 =90°), a scattered distribution of high and low
is observed, indicating oscillations induced by flow turbulence.

The pressure coefficient at different spanwise locations on the Magnus blade is
shown in Fig. 6 for y=0.1L, y=0.5L and y =0.9 L respectively. As expected, the base
point of the pressure curve is shifted anticlockwise to a larger azimuthal angle at all
three locations. The largest angle is observed at about 8 = 140° for y = 0.9 L as compared
to 90° for flow past a single spinning cylinder. Among the three curves, the largest ab-
solute value of negative C, is found at y = 0.5 L, while the lowest is at y = 0.1 L, which is
closer to the root of the blade. All the findings indicate the global motion of rotation
has significantly altered the flow field hence the pressure distribution on the Magnus
blade. As the pressure is expected to account for most of the force generated, the
current study indicates the main contribution for the lift force is around the middle of
the blade while the drag force is more dominant near the tip.

Table 4 Comparison of local drag and lift coefficients of the rotating Magnus rotor with different
aspect ratios

Cases Ed cd, rms C/ CI, rms Ea Ca, rms
3 374 0.194 318 0.235 223 0.27
4 348 0.13 1.33 0.086 1413 0.094
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Fig. 5 Contours of dimensionless pressure coefficient on the Magnus blade for AR=10. The projected
surface is denoted by the black solid line

Having obtained the dynamic forces, the torque on the Magnus rotor was calculated
using Eq. 14 and then projected to the surfaces of the blade, see Fig. 7. Note the nega-
tive value of torque is in the same direction of the global rotation. The top plot corre-
sponds to the lower face of the cylinder, where the torque is uniformly distributed in
the first half of the blade (root side) and an alternating pattern is observed on the other
half (tip side). Looking at the upper face of the cylinder, the weaker but clearly visible
alternating pattern is also observed along the spanwise direction. In terms of the mag-
nitude, the largest values of both negative and positive torque are found near the tip of
the blade, indicating stronger instability. This behaviour can also be explained by the
increased inflow velocity and incidence angle induced by the global motion of rotation.
Integrating along the span of the Magnus blade, the major contribution of the total
torque still comes from the side, where stable forces are present.

_8 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Theta
Fig. 6 Distribution of pressure coefficient on the Magnus blade at different spanwise locations for AR =10
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Fig. 7 Distribution of torque on the Magnus blade with AR=10. The projected surface is denoted by the
black solid line

Large scale vortical turbulent structures, shed by the flow over a cylinder can be ef-
fectively identified using the Q values, e.g. Yu et al. [33]. Figure 8 shows the instantan-
eous Q criterion in the vicinity of the blade. A clear track of the vortices can be seen
from the path of the rotation. Notably, the formed vortices tend to get detached from
only one side of the cylinder and shed downstream before quickly breaking down into
smaller structures. On the other side of the cylinder, a large structure remains attached
to the blade surface, where the surrounding flow has the highest streamwise velocity.
This large structure can be directly related to the low-pressure concentration as shown
earlier in Fig. 5 and responsible for the generation of Magnus lift. At the tip of the
Magnus rotor, the formation of the tip vortices is clearly visible and interferes with the
vortices formed on the cylinder’s body before shedding downstream in a spiral manner.
The unsteady behaviour strengthens the oscillations of the forcing closer to the tip and

hence leads to the alternating pattern in the torque shown in Fig. 7.

4.2 Magnus rotor with AR=3
Numerical results for the Magnus rotor with a second blade design are presented as
below. The blade with AR =3 is rotated at a fixed angular speed of 0.32 rad/s and the
velocity ratio is kept as 2.0 to match the previous study. Figure 9 shows the spectral
analysis of the fluctuations of the local lift and drag coefficients. A matching dominat-
ing frequency is observed for the two force coefficients, leading to the same behaviour
as the case with AR =10. Table 5 presents the observed frequency for both cases. With
AR = 3, the dominating frequency is of 0.2 Hz, while with AR =10 and angular speed of
1.40rad/s, a frequency of 0.868 Hz is obtained. If we define a new Strouhal number
using the frequency of dynamic loadings (f), rotor diameter (D, and blade rotation
speed (Q),

Stp. = IfSDC = %fs (17)

EQDC

The value for Case 3 is 1.24 and for Case 4 is 1.25, which indicates that the rotation
of the Magnus rotor is the driving parameter for the change of the dominant frequency
of the lift and torque variation. From the present findings, the dominating frequency
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Fig. 8 Instantaneous Q criterion (Q = 1000) for Magnus rotor with AR = 10. Isosurface is colored by the
normalized streamwise velocity (U/U..)

for the dynamic forces depends only on the angular speed of global rotation, irrespect-
ive of the design of the blade. This finding can serve as an important point in the struc-
tural design of Magnus turbines. For the mean coefficients’ value, see Table 4, the
current case shows an increase of the drag coefficient as compared to the solely spinning
cylinder, as the previous case with AR =10. The lift coefficient reported in the current
case drops to 1.33, indicating an inferior performance for the lift-to-drag ratio. This
behaviour is explored in more detail with the distribution of the pressure coefficient.

Figure 10 shows the contours of dimensionless pressure coefficient on the Magnus
blade with AR = 3. Generally speaking, the distribution of the high-pressure region and
low-pressure region is very similar to the results presented for the previous case of
AR=10. A closer examination on the negative pressure region shows its centre has
shifted towards the tip of the blade and downwards towards a larger azimuthal angle.
More importantly, the magnitudes of the negative pressure are smaller than the previ-
ous case, which could be the reason for the drop in lift coefficient. The pressure coeffi-
cientat y=0.1L, y=0.5L and y=0.9 L is shown in Fig. 11, where the absolute values of
the base pressure coefficient at different locations are all reduced by a dimensionless
amount of 0.5 to 1.0. The azimuthal angle of the base pressure at y=0.5L and y=0.9L
coincides with each other, indicating a larger relative incidence angle at the middle of
the blade. The weaker pressure difference and the shift of the base pressure will have
combined influence on the reduction of lift forces. However, it is not yet clear which
factor is more dominant.

Figure 12 shows the distribution of torque on the Magnus blade with AR =3. Along
the extension of span, a clear alternating pattern is observed on the top surface as well
as the bottom surface. As the torque is directly related to lift, it is expected that a stable
force is no longer present at the root of the blade. The largest values of both negative
and positive torque are still found to be near the tip, owing to the large incidence angle.
Interestingly, oscillations of the torque are also found near the root of the blade, indi-
cating the presence of the end effect.
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Fig. 9 Spectral analysis of local force coefficients for rotating Magnus rotor with AR =3

Figures 13 shows the instantaneous Q criterion near the blade with AR = 3. It is no-
ticed that the iso-surfaces of vortices have a twisted shape in the middle of the cylinder
which is attributed to the self-spinning of the cylinder. At the upper half, where the
rotor rotation is the dominant factor for vortex formation, the vortices are shed in a
spiral manner following the track of rotation, while at the bottom half, where the self-
spinning is more dominant, the vortices tend to follow the spinning direction. The pre-
viously observed large structure at the suction side is not captured in the present study,
probably suppressed with the selection of the current aspect ratio.

The power coefficient for the investigated designs of Magnus rotor is shown in Table
5. Among the two cases, the case with AR = 3 seems to show better performance with a
power coefficient of 0.0509, 23% higher than the case with AR=10. However, these
values can be misleading to determine the optimal design of Magnus rotors, because
the denominator in the classical calculation for the power coefficient, i.e., Eq. 16, con-
siders the whole region swept by the rotation of the blades, including the area from the
axis of rotation to the root of the cylinder. A more representative parameter is the di-
mensionless torque coefficient, the production of torque per unit length of the blade,
i.e., Eq. 15. The computed torque coefficient for the case with AR=10 is 2.1 and the
value for the case with AR =3 is 0.68. Clearly, this indicator reflects the superior behav-
iour of Case 3 as we previously witnessed in the mean force coefficients.

Table 5 Comparison of dominant fluctuation frequency and dimensionless torque and power
coefficient of the rotating Magnus rotor with different aspect ratios

Cases f er Cpower
3 0.868 2.1 0.0413

4 0.20 0.68 0.0509
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5 Conclusions

In this paper, the idea of using a Magnus rotor as a power extraction device was nu-
merically investigated using the direct forcing Immersed Boundary Method and Large
Eddy Simulation. Validations of turbulent flow past a spinning cylinder with different
velocity ratios were conducted and results showed reasonable agreement with available

experimental measurement and numerical data.
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Fig. 11 Distribution of the pressure coefficient on the Magnus blade at different spanwise locations
for AR=3

.
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Fig. 12 Distribution of torque on the Magnus blade with AR = 3. The projected surface is denoted by the
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Further simulations of a spinning cylinder with differing aspect ratios were carried
out to provide an insight on its influence on the Magnus effect. At the same Reynolds
number of 1.0 x 10° and velocity ratio of 2.0, the design with AR =10 showed a de-
crease in observed lift coefficient. The observed aspect ratio dependency was evidenced
by the three-dimensionality of the near-wake behind the spinning cylinder.

The study was then extended to a single blade Magnus rotor, in which several con-
clusions were drawn. Regards to the case of solely spinning cylinder, the Magnus rotor
with two different geometric designs and operating conditions both reported a signifi-
cant jump in terms of mean drag coefficient. This is attributed to the increase of rela-
tive incidence angle between the blade and the in-coming flow. From the study of the
distribution of pressure coefficients, the azimuthal angle of the base pressure is shifted

-

) -15 0 15 3

Fig. 13 Instantaneous Q criterion (Q=100) for Magnus rotor with AR = 3. Isosurface is colored by the
normalized streamwise velocity (U/U..)
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to a larger value, resulting in the loss of lift and increase of drag. An important remark
on the fluctuations of the dynamic forcing is that the dominating frequency corre-
sponds directly with the angular speed of the rotor’s global motion of rotation, irre-
spective of the aspect ratio.

Between the two cases of Magnus rotor, the case with AR =10 showed a stronger
Magnus effect with a relatively higher lift-to-drag ratio. Its superior performance in
terms of power generation is clearly indicated by the dimensionless torque coefficient.
During the rotation of the Magnus rotor, stable forces were expected at the root of the
blade which are responsible for the major contribution of the total torque. For the case
with AR =3, the combined effect of a weaker pressure difference between the pressure
side and suction side of the cylinder and the shift of the base pressure was attributed to
the reduction of the lift force. Clear differences for the turbulent structures surround-
ing the blade were also observed by the Q criterion. While both cases showed the vorti-
ces only shed from one side of the cylinder, a large structure was observed to be
attached to the blade surface in the case with AR =10, where the surrounding flow has
the highest streamwise velocity. For the case with AR =3, a stronger end effect was
identified at both the root and tip of the blade.

Further studies should involve drag reduction measures, such as micro vortex genera-
tors, investigating the optimal aspect ratio and tip speed ratios for maximum power
output as well as blade interaction. Moreover, the high efficiency of the novel circulat-
ing treadmill-like Magnus wind turbine blade introduced in the work by Kazemi et al.
[13] is very promising, and thus it is worth carrying out three-dimensional LES simula-
tions on the aerodynamic performance of the circulating airfoil, focusing on the control

of undesirable dynamics issues.

6 Nomenclatures
AR = L/D Aspect ratio.

C,= —Ja_ Axial Force Coefficient.

“pui
Ca= %Pl{—z"m Drag Coefficient.
Ci= %plj—leL Lift coefficient.

_ p o .
Cp—_%piui Pressure coefficient.

Cpower=—-2 Power Coefficient.
1Dl
)

Cr, Cyrrs MTS parameters.

C, Dimensionless torque.

D Cylinder diameter.

D.=L + L, Magnus rotor diameter.

Fp, F;, F4 Drag, lift and axis forces in global coordinate system.
f Volume force.

fa f f. Drag, lift and axis forces in local coordinate system.

f; Dominant vortex shedding frequency.

IBPs Immersed Boundary Points.

kes Turbulent kinetic energy.

L Cylinder length.
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L, Distance from the centre of rotation to cylinder root
p Pressure.
Re = U..D/v Reynolds number.

S Strain-rate tensor.

St = {}—f Strouhal number.

Stp, = lfé[D)“ Strouhal number based on rotor diameter and rotation speed.
0D,

Ts MTS time scale

t; Torque.

TSR = f&f Tip Speed Ratio.

U Interpolated velocity.
U., Free stream velocity.

u Fluid velocity.

V Desired velocity.

X, Y, Z Global coordinates.
x, ¥, z Local coordinates.
a= 2DTOL Dimensionless velocity ratio.
A Averaged grid spacing.

0 Azimuthal angle.

v Kinematic viscosity.

v, Turbulent viscosity.

p Fluid density.

¢ Rotation angle.

® Cylinder spin speed.

Q Rotor spin speed.

7 Appendix

7.1 Validation case - a stationary cylinder in turbulent flow

In this section, we investigated turbulent flow past a stationary circular cylinder at Re =
1.4 x 10°. The Reynolds number was selected because it is sub-critical for stationary
cylinders and thus turbulence mainly develops in the wake instead of the boundary
layer [33]. The dimensions of the computational box are [-7.8D, 17.8D] x [-12.8D,
12.8D] x [0, 1.0D] in X, Y and Z directions, respectively, while the cylinder, with a
diameter of D = 1.0 and length of L = 1.0, is located at (0.0, 0.0, 0.5). The computational
domain is discretized on a stretched Cartesian mesh with a grid resolution of 256 x
256 x 48 points. An embedded uniform sub-mesh with spacing of D/64 around the cy-
linder is employed. The time step size is set to make the maximum Courant number
approximately equal to 0.35. The simulations were initially run for 80 D/U.. until the
flow field became fully developed and were restarted for another 30 D/U., to gather the
statistical moments. For flow past stationary cylinders, the sampling duration should
cover at least 6 vortex shedding cycles.

Table A1 compares the mean drag force and the Strouhal number of turbulent flow
past a stationary cylinder (@ = 0) with those of Karabelas [34] and Breuer [30], both of
whom carried out large eddy simulations with the Smagrinsky SGS model on very fine
body-conformal (BC) grids, and the experimental data from Cantwell & Coles [35] who
carried out a well-organized experiment. Note that, the same Reynolds number and
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cylinder’s span-wise length (L = D) were adopted in all three numerical simulations. It
may be concluded that the present result and published numerical and experimental re-
sults are in good agreement. The Strouhal number converges to 0.2 for all three nu-
merical simulations. The reported drag coefficient is close to the experimental data, but
a difference is observed with other computations. Fig. A1 shows the time averaged
streamlines and resolved turbulent kinetic energy in the near wake. From the velocity
streamlines, two recirculation bubbles are present near the downstream of the cylinder
and are nearly symmetric to the centreline at ¥Y'=0. In addition, two small counter-
rotating vortices are observed but closer to the surface of the cylinder. These small vor-
tices were also identified in the cited study of Karabelas [34], who believes that they are
due to the differences of the wall damping functions used in LES models. For stationary
cylinder, Karabelas [34] stated that the major fraction of the energy comes from the
vortex shedding rather than turbulent fluctuations. Therefore, the maximum kinetic en-
ergy should be expected in the near wake where the vortex shedding is dominant.
Current results show the maximum kinetic energy around x = 1.2D, which broadly
agrees with the value of x = 1.3D reported by Karabelas [34].

Time averaged streamwise velocity along the centreline (Y =0), the normal velocity
and dimensionless shear stress at X = D are plotted in Fig. A2 along with the available
data from literature. From the streamwise velocity profile, present results agree well
with respect to the cited LES results for the length of recirculation area but appear to
under-predict the magnitude of the reversed flow. The same trend is also observed for
velocity magnitude in the middle region but recovers quickly as it approaches the far
wake. The normal velocity and shear stress distribution at X = D show better agreement
with the reference data for both magnitude and peak position, especially with the com-
puted results from Breuer [30].

7.2 Validation case - a spinning cylinder in turbulent flow

In this section, we investigated turbulent flow past a spinning circular cylinder at Re =
1.4 x 10°. From the studies of Karabelas [34] and Karabelas et al. [36], it is reported that
a minimum velocity ratio of 2.0 is required to suppress vortex shedding, hence is of
particular interest to maintain the desired forces on the cylinder to ensure the rotor
movement. For flow past the spinning cylinder, the rotating fluid driven by the motion
of the cylinder is superimposed on the free-stream flow, hence will lead to a global in-
crease of the fluid’s velocity. In this case, the mesh resolution used in the previous case
may not be adequate to predict the correct aerodynamic forces. To investigate the opti-
mal mesh/IBPs resolution for this study, a grid dependency was carried out with three
different spacings in the sub-mesh region around the cylinder, i.e., D/32, D/64 and D/
128. To keep the computational effort a reasonable level, the same number of overall
grids as the previous for the case of stationary cylinder was used and the computational
domain was kept the same by adjusting the stretching ratios of the outer grids. In each
case, the number of IBPs was adjusted to meet the requirement that there is at least
one point inside each Cartesian grid. For example, for RUN-32, where the uniform grid
spacing is set as D/32, 128 IBPs were employed around the perimeter of the cylinder in
the horizontal plane. For all simulations, 48 layers of IBPs were uniformly distributed
along the spanwise (Z) direction. The time step size was set as 0.004 D/U.., 0.002 D/
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U.., 0.001 D/U., to make the max Courant number approximately equal to 0.35 for all
cases.

The statistical features from all three studies are presented in Table A2 along with
published numerical and experimental results. Clearly, these results are quite diverse.
The smallest drag coefficient of 0.13 is observed in the numerical results of Karabelas
[34] and the largest one of 0.7 ~ 1.2 is reported by Borg [1] who compiled many experi-
mental results of flow past a spinning cylinder with different Reynolds numbers, end
plate’s diameter, surface roughness and aspect ratios. Among the present study, all
three simulations seem to over-predict the drag coefficient as compared to the compu-
tation results of Karabelas [34] and are below the experimental results. For the lift
force, both RUN-64 and RUN-128 predicted lower coefficient than the published LES
data while RUN-32 showed a much higher value.

The time averaged pressure coefficient along the cylinder surface is shown in Fig. A3
with the origin located at the front of the cylinder facing the inflow. For all three cases,
the pressure coefficients along the upper half of the cylinder match well with each other
and agree with the trend of the reference data. The minimum coefficient exceeds — 6 for
all cases, which clearly indicates a reduction of static pressure due to the spinning of the
cylinder. Quantitively, the more rapid drop of the pressure value in the cited LES data can
be used to explain the previously observed difference in the lift coefficient. On the lower
half, RUN-64 shows an evident dip in C, before the stagnation point, where the pressure
coefficient reaches its peak value. At the back of the cylinder (150° < 6 < 200°), the abso-
lute value of static pressure is lower in the current studies as compared to the LES data,
resulting in a higher drag coefficient. Closer to the azimuthal origin, the three curves coin-
cide with each other and the computed data of Karabelas [34].

The streamlines plotted using the time-averaged velocity, are also presented for com-
parison in Fig. A4. Like the results of Karabelas [34], only one distinct recirculation
bubble remains in both RUN-32 and RUN-64 while the other one collapses. In RUN-
128, the upper recirculation bubble is still present but is of much smaller size compared
to the lower one. In the later study of Karabelas et al. [36], in which a RANS code was
applied, a similar pattern was observed for a =2.0 at a higher Reynolds number (Re =
5.0 x 10°). An explanation is that the flow is at the transitional stage where the vortex
shedding is damped but not completely diminished. From the total resolved kinetic en-
ergy and shear stress plots for RUN-64, see Fig. A5, high values of kinetic energy,
though much smaller compared with the stationary cylinder, can still be seen in the
near wake, indicating the presence of the periodic oscillation induced by the vortex
shedding. Similarly, the maximum value of Reynolds stress lies on the downwind side
of the cylinder, influenced by the high momentum of fluid coming from the upper side
of the cylinder. Around the cylinder, positive values of stress are observed near the
front stagnation point and the minimum stress is seen on the lower surface of the cy-
linder, of which the absolute value is still smaller than the near wake, implying the tur-
bulent fluctuations have not yet become dominant. The previously observed dip in C,
value for RUN-64 can be explained by the elongated recirculation bubble at the down-
wind side of the cylinder, which covers a wider azimuthal area (200° <6< 300°) and
is closer to the cylinder’s surface.

From the grid dependency study, all cases show the spinning of the cylinder has
greatly altered the flow field as well as damped the vortex shedding process. Results
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with the coarsest grid resolution tend to overpredict the lift coefficients and offset the
stagnation point. On the other hand, simulations with refined grid spacing of D/64 and
D/128 are in reasonable agreement, although the largest differences are observed for the
drag coefficient, which stem from the pressure distribution along the cylinder circumfer-
ence. In general, the overall behaviour of the pressure coefficient distribution is in quite
good agreement with experimental and numerical results from the literature. Given these
results, the refined grid is necessary in the uniform sub-mesh region to capture the dy-
namic loadings. Thus, the meshes in the following numerical simulations, unless stated
otherwise, were refined to allow at least 64 grid points along the diameter of the cylinder.
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