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Abstract

Tidal stream power units with horizontal-axis propellers are one of promising
technologies for generating the renewable green energy. The ebb and flow re-
quire that the power unit must operate in bidirectional tidal streams. Hence a
tidal stream power unit with counter-rotating type horizontal-axis bidirec-
tional propellers is proposed in this paper. The blades with fully-symmetrical
hydrofoils were optimized numerically. The output and flow conditions pre-
dicted by the computational fluid dynamics simulations are compared with
the results of the wind tunnel experiments at the higher tip speed ratios,
which are of expected usual operating conditions of this unit. The numerical
and experimental results show good agreements. It is also confirmed that the
flow discharged from the counter-rotating type propellers has no swirling
component, though the single propeller generates the unacceptable swirling
component.
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1. Introduction

Currently, extreme increase of the demand for energy leads to the depletion of
fossil fuel and higher energy prices. As a result, renewable green energy inde-
pendent of fossil fuel is required in order to get sustainable society. Tidal stream

power generation is one of promising technologies for generating the renewable
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green energy. This has some advantages as high energy intensity, predictability
of tides and so on [1]. The effort to achieve the practical use of the power gener-
ation has been made in the world, including Japan. In order to apply to tidal
stream power generation, various kinds of power units with a tidal turbine have
been proposed. Especially, horizontal-axis tidal turbines have been developed [1].
Design methodologies and technologies in the wind turbine industry can be ap-
plied to horizontal-axis tidal turbines because of their similar working principles;
the kinetic energy of fluid is converted to the electric energy when the flow
drives a propeller and generator of the turbine [2].

Tidal streams change their directions owing to the ebb and flow. Hence tidal
turbines must operate in bidirectional tidal streams. Some types of bidirectional
tidal turbine were suggested, as mentioned by Liu ef al [3] [4]. One of the bidi-
rectional tidal turbines can alternate its orientations. Another one has a control
system of blade pitch angle. Other one has a bidirectional propeller with a fully
symmetrical hydrofoil, which is called bidirectional hydrofoil. The last type of
the turbines does not require a high-cost device such as pitch control system.
Another merit of it, reported by Nedyalkov et a/ [5], is that the bidirectional
hydrofoil cavitates at lower cavitation number compared to the unidirectional
hydrofoil.

Kanemoto et al. proposed a unique counter-rotating type horizontal-axis wa-
ter turbine [6]. It was applied to tidal stream power unit [7]. The schematic of
the tidal stream power unit with the counter-rotating type horizontal-axis pro-
pellers is shown in Figure 1. The power unit has the horizontal-axis tandem
propellers and the peculiar synchronous generator with double rotational arma-
tures. In the nacelle, the front propeller and the rear propeller counter drive the
outer and the inner armature of the generator, respectively. Relative rotational
speed between the armatures is two times as high as that of a conventional ge-
nerator. This provides some advantages. One of the advantages is that the output
voltage is two times higher when the rotational speed and the generator size are
the same. In other words, the diameter of the propeller can be reduced when the
output voltage and the rotational speed are the same. Another one is that cavita-

tion can be suppressed because the individual rotational speed can be reduced at
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Figure 1. Tidal stream power unit with the
counter-rotating type horizontal-axis propellers.
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the same voltage and size. Besides, rotational torques are counter-balanced and
no reaction force arises. That is, it is not necessary to prepare the solid mounting
bed and pile.

In this paper, we propose counter-rotating type horizontal-axis bidirectional
propellers installed in a tidal stream power unit. The blades with fully-symme-
trical hydrofoils, optimized numerically by Huang et al [8], are employed.
Computational fluid dynamics (CFD) simulations of the bidirectional propellers
are carried out and these results are compared with the results of the wind tun-
nel experiments [9]. The flow characteristics of the bidirectional propellers are

discussed.

2. Preparation of Bidirectional Propellers

In this paper, we employ the bidirectional propellers which Huang et al de-
signed by the traditional blade element momentum (BEM) theory [8]. The detail
of the bidirectional propellers designed by Huang et al. is described below.

The original hydrofoil was based on the NACA 16-015 airfoil. While the first
half of the original hydrofoil was the same as NACA 16-015, the second half of it
was the mirror portion of the first half. This original hydrofoil, hence, was fully
symmetrical on the suction side, pressure side, leading edge and trailing edge.

The hydrofoil was adopted to the design of the blade. The blade pitch angle
and chord distributions were determined with the traditional BEM theory. It is
noted that the blade was designed for getting the best efficiency at the tip speed
ratio (TSR) of 3.5.

In order to increase the lift-drag ratio of the original hydrofoil, the optimized
hydrofoils were developed with the multi-objective optimization algorithm.

The blade profiles of the propellers designed are shown in Figure 2. Because
of the operations in bidirectional tidal streams, the front and rear propellers had
the same geometry, size and number of blades. The diameter of both propellers

was 500 mm. The number of blades of both propellers was 3.

3. Experimental Setup

In order to obtain the performance characteristics of the counter-rotating type
horizontal-axis propellers operating in bidirectional tidal streams, the perfor-
mance and flow conditions have been investigated in the wind tunnel [9]. The
experimental results are compared to numerical results later.

In these experiments, the setting angle of the blades can be adjusted easily.
The wind tunnel experiments have been performed in various combinations of
blade setting angles, B; and p,, of the front and rear propellers in [9]. How-
ever, only the case of S, =0 [degree] and f. =0 [degree] is considered in
this paper.

The wind velocity U, was set to about 10 m/s. The total tip speed ratio A,

was in the range of 2 to 11, which was defined below;
A=A +4, (1)
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(a) Overview
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(b) Example of the blade profiles

Figure 2. The blade of the bidirectional propellers.
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where A is tip speed ratio, @ is rotational speed, R is radius, subscript t
is total, f 1is front propeller and r is rear propeller. When Reynolds number
was defined based on propeller diameter and peripheral speed of the front pro-

peller, it was in the range of 3.3 x 10° to 1.7 x 10°.

4. Numerical Setup

CFD simulations are performed in order to obtain performance characteristics
and flow characteristics of the counter-rotating type horizontal-axis bidirection-
al propellers installed in a tidal stream power unit.

4.1. Mesh Generation

The front and rear propellers are attached to a capsule-shape nacelle, which is
355 mm long and 90 mm diameter. The computational domain is a rectangular
domain surrounding the propellers. The size of the domain is 1000 mm x 1500
mm X 5000 mm, in other words, 2Dx3Dx10D, where D means propeller di-
ameter. This domain is divided into three blocks, as shown in Figure 3. One
block, labeled as “Front Region”, is the region including the front propeller.
Another one, labeled as “Rear Region”, includes the rear propeller. The other
one is the rest region and is labeled as “Surrounding Region”. For the sake of the
reduction of computational costs, the block Front Region and Rear Region are
built in a 120 degree segment and include only one blade of the propellers. The
rotational periodic conditions are imposed on the interfaces between adjacent
segments.

Computational meshes are generated by ANSYS ICEM CFD 16.2. Unstruc-

tured tetra type meshes are employed. Delaunay method is selected in mesh
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Figure 3. Three blocks of the numerical domain.

generation. Prism layers are created only around the blades of both propellers.
The number of layers is set to 15.

The initial height of the layer is 0.005 mm and the growth ratio of height is 1.2.
The maximum dimensionless wall distance Yy on the blades is less than 5. The

mesh statistics are shown at Table 1.

4.2. Numerical Settings

CFD simulations are performed by using ANSYS CFX 16.2, which is a commer-
cial CFD solver. Incompressible Navier-Stokes equations and equation of conti-
nuity are solved with the shear stress transport (SST) k —@ turbulence model
[10]. The numerical settings are summarized at Table 2. The boundary “Inlet” in
Figure 3 is set to inlet boundary where the normal speed and turbulent intensity
is specified, while the boundary “Outlet” is set to outlet boundary where the av-
erage static pressure is specified, as shown at Table 2. The other boundaries are
set to no slip, smooth wall. The stage model is applied to the interface connec-
tions between the blocks of the numerical domain. In this model, the fluxes
through bands on the interface are circumferentially averaged [11].

The CFD simulations are performed at the total TSRs over 6, which are of ex-
pected usual operating conditions of this unit. The TSR combinations of the
front and rear propellers are set so that front and rear torques may be equal. In
these total TSRs, the Reynolds number defined before is in the range of 1.1 x 10°
to 1.6 x 105,

Besides the residuals of mass, momentum and energy, some important para-
meters such as power coefficient and torque are monitored at each iteration step.
In all simulations, the convergence of the solution is checked from the histories

of these monitored values.

5. Results and Discussion

The experimental and numerical results are compared in terms of the perfor-
mance characteristics of the bidirectional propellers. Flow characteristics of the

bidirectional propellers are discussed in the numerical results.
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Table 1. Mesh statistics.

Block Number of nodes Number of elements
Front Region 2597281 7636687
Rear Region 2597281 7636687
Surrounding Region 10465301 55574437
Total regions 15659863 70847811

Table 2. Numerical settings.

Parameter Setting
Analysis type Steady
Material Airat 25°C
Turbulence model SST k-
Wall No slip, smooth wall
Inlet Normal speed 9.28 m/s, turbulent intensity 5%
Outlet Average static pressure 0 Pa
Interface Stage
Time interval 0.01s

5.1. Performance Characteristics

Total power coefficients and total torque coefficients are calculated by the fol-

lowing equations;

Cp,t = Cp,f +Cp,r > (4)
c - T; o, 5)
" (W2)pURA,
To
C ; =;, (6)
" W2) A
Cq,t = Cq,f +Cq,r > (7)
Cormrt (8)
ot (1/2)pUiiAf Rf ,
T

;
T W2 AR ®
where C, is power coefficient, T is torque, p is fluid density, A is swept
area and C, is torque coefficient. The total power and torque coefficients are
shown in Figure 4 and Figure 5, respectively.

As one can see in Figure 4, the total power coefficients of the simulations
coincide with those of the experiments. The total power coefficients have the
peak around the total TSR 4, = 7. This peak is called the best efficiency point
(BEP). The maximum value at the BEP is about 0.33.

In Figure 5, the variations of total torque coefficient are relatively small in the
total TSRs less than 7. After passing over the point at the total TSR of 7, which is
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Figure 4. Total power coefficients in the experiments and si-
mulations. The broken line is obtained by fitting the experi-
mental results to a cubic curve using the least-square method.
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Figure 5. Total torque coefficients in the experiments and si-
mulations. The broken line is obtained by fitting the experi-
mental results to a cubic curve using the least-square method.

the best efficiency point, the value of total torque coefficient decreases rapidly
with increasing total TSR. The total torque coefficients of the simulations are
consistent with those of the experiments in the range of the total TSR over 7.

In both the total power and torque coefficients, the numerical results coincide
not only with the fitting curve of the experimental results but also with the ten-

dency of the experimental values around their peaks.

5.2. Flow Characteristics

The pressure fields and stream lines, obtained by the simulations, at the radial
position I =0.6R; in the case of the total TSR of 7.50 (a little higher than the
total TSR of the BEP), 6.50 (a little less than the total TSR of the BEP) and 10.0
(much higher than the total TSR of the BEP) are shown in Figure 6, Figure 7
and Figure 8, respectively. At the total TSR of 7.50 (a little higher than the total
TSR of the BEP), attached flows along the blade surfaces of the front and rear
propeller are observed. At the total TSR of 6.50 which is a little less than the total
TSR of the BEP, the flow around the blade of the front propeller follows the
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Figure 6. Pressure field and stream lines at r =0.6R; in
the case of 4 =7.50 (a little higher than the total TSR

of the BEP). The left of the figure is the front of the unit,
while the right is the rear.

/,

Figure 7. Pressure field and stream lines at r =0.6R, in
the case of 4 =6.50 (a little less than the total TSR of

the BEP). The left of the figure is the front of the unit,
while the right is the rear.

Figure 8. Pressure field and stream lines at r =0.6R, in
the case of 4 =10.0 (much higher than the total TSR of

the BEP). The left of the figure is the front of the unit,
while the right is the rear.
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blade surface, while a flow separation and reattachment arises around the blade
of the rear propeller. At the total TSR of 10.0, although the total TSR is much
higher than that of the BEP, the flows around the blades of both propellers fol-
low the blade surfaces.

The stream lines in the case of the total TSR of 7.50, 6.50 and 10.0 are shown
in Figure 9, Figure 10 and Figure 11, respectively. Compared to the single pro-
peller case as shown in Figure 12, the swirl component of velocity is diminished
with the counter-rotating type propellers. The reason is that the angular mo-
mentum change through the front propeller equals to that through the rear pro-
peller. This is an advantage in array design of tidal stream power units, because

interactions among the power units through swirling wakes are reduced.

6. Conclusions

We proposed the counter-rotating type horizontal-axis bidirectional propellers

installed in a tidal stream power unit. The blades with fully-symmetrical

Figure 9. Stream lines in the case of 4 =7.50 (a little higher
than the total TSR of the BEP).

/

Figure 10. Stream lines in the case of 4, =6.50 (a little less
than the total TSR of the BEP).

42

K2
10,0
o2

"o%% Scientific Research Publishing



Y. Funami et al.

Figure 11. Stream lines in the case of 4 =10.0 (much higher
than the total TSR of the BEP).

Figure 12. Stream lines in the case of the single propeller at the
TSR of 3.5 which is the best efficiency point.

hydrofoils were optimized numerically. CFD simulations of the bidirectional

propellers were carried out and these results were compared with the results of

the wind tunnel experiments. The numerical and experimental results show
good agreements. The conclusions are obtained as follow;

e The total power coefficient has the maximum value, which is about 0.33,
around the total TSR of approximately 7.

e The total torque coefficient drops rapidly after passing over the point at the
total TSR of 7.

e The flow discharged from the counter-rotating type propellers has no swirl
component, though the single propeller generates the unacceptable swirling
component.

The performance and flow characteristics of the bidirectional propellers were
evaluated well by the CFD simulations and wind tunnel experiments.
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