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Abstract

Ocean energy has a potential of providing a large amount of renewable energy
around the world. One of the forms of ocean energy, tidal stream power is
widely recognized as the continuous, predictable and eco-friendly ocean
energy source. Unique tandem propellers that can counter-rotate have been
designed to generate electric power effectively from a tidal stream. This type
of power unit has several advantages compare to the conventional unit with a
single propeller. At the design of the tidal stream power unit, it is important to
investigate the structure of the tip vortex tubes shedding to predict the load of
the propeller. In this research, we investigated the tip vortex shedding using
the CFD method for the conventional single propeller and counter-rotating
type tandem propellers and estimated the performance efficiency using RANS
(Reynolds Averaged Navier-Stokes) model and we confirmed the limitation of
RANS model on the calculation of the tip vortex stretching.
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1. Introduction

Global warming is a big problem around the world. Due to an increasing de-

mand in clean energy and rising fuel prices, more research is focused on renew-

able energy resources. Tidal stream energy is one type of renewable energy.
Among many renewable energy sources, tidal stream energy is continuous,

predictable and eco-friendly ocean energy. Its energy density is higher than oth-
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er renewable energy resources, and it is easy to convert into other types of ener-
gy [1]. Tidal stream is caused by the flood and ebb of a tide due to the gravita-
tional pull of the moon. The tidal stream power unit is placed in the path of tidal
stream to generate electricity, which generates electricity by converting the ho-
rizontal tidal current flow into the rotational motion using propeller and gene-
rator.

Since the past one decade, many research efforts have been carried out to de-
velop high-efficiency tidal current turbine. Now, various pilot test turbines have
been developed and a number of projects are underway for commercialization in
the coastal areas of UK and Europe, which have abundant tidal current energy
resources.

A unique counter-rotating type tidal stream power unit is proposed by Ka-
nemoto et al. [2] [3] [4] [5]. This tidal stream power unit has the tandem pro-
pellers and the peculiar synchronous generator with double rotational arma-
tures. The schematic diagram of the counter-rotating type tidal stream power
unit is shown in Figure 1. The front and the rear propellers counter-rotatesi-
multaneously the inner and the outer armatures respectively. This power unit
has some benefits as shown below.

1) The induced voltage is about two times higher while keeping the propeller
diameter the same as the conventional single propeller.

2) The propeller diameter can be reduced when keeping the induced the vol-
tage same as the traditional one.

3) The cavitation can be suppressed through the relatively slower propeller
rotating speeds.

4) The rotational moment is counter-balanced and the effect is low on the
mounting system because the reaction force does not act on the outside, it is ex-
tremely easy to provide the unit with large capacity for not only the constructed

power station with a mounting bet/pile but also the floating station moored at
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Figure 1. Schematic diagram of the counter-rotating type
tidal stream power unit.
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the seabed with only one cable.

O’Regan et al. investigated vortex core size and trajectory using the LES model
and URANS model. They confirmed that the LES models prediction was more
accurate than the URANS model [7]. Clarke et al. represented the wake reduc-
tion and inter blade-spacing optimization for the contra-rotating turbine using
CFD [8]. Morris et al displayed the swirl characteristics for the various number
of blades and estimation by swirl number [9]. Jo et a/ checked the wake charac-
teristics by the influence of the blade tip shape using the experimental and nu-
merical method [10].

The purpose of this research is to investigate the performance of the single
and the counter-rotating tidal stream power unit using the CFD method and to
estimate the tip vortex structure using the RANS (Reynolds Averaged Navier-

Stokes) model. The results were compared with the experimental results [6].

2. Numerical Analysis

We investigated the two types of models. The first one is the single propeller
(using front blade) model and the second is the counter-rotating type propeller
model.

Figure 2 shows the blade profiles of the front and the rear propellers and the
sectional shapes between the blade hub to the blade tip. The front propeller is
made up of 3 blades and the rear propeller consists of 5 blades. The diameter of
front propeller is 500 mm, and the rear one is 450 mm. The size of the rear pro-
peller is smaller than the front propeller. The counter-rotating type propellers
have a torque balance between the front and rear propellers. So to increase the
torque of the rear propellers, it is created by increasing the number of blades to
5.

Figure 3 represents the simulation region of the calculation. The flow domain

is divided into 3 regions for the simulation of the single propeller. The boundary
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Figure 2. Blade sectional profiles of the counter-rotating type propellers. (a) Front pro-
peller (3 blades); (b) Rear propeller (5 blades).
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Figure 3. Numerical domains for the simulation. (a) Single propeller model; (b) Coun-
ter-Rotating type propeller model.

condition of the inlet is set as a velocity of 9.75 (m/s). An outlet boundary has
atmospheric pressure. The calculation for the same situation with the experi-
mental status, we used air as a working fluid to compare to experimental results.
The density of air is 1.225 (kg/m’). The numerical domain size is set as 3R to up-
stream, 7R to downstream and 5R to radial direction. Periodic boundary condi-
tion is adopted to reduce the use of computing resources.

Figure 3(b) shows the flow region of the counter-rotating propeller model.
The flow passage angle for the periodic boundary condition including the front
blade and the rear blade is different. Because there are 3 blades at the front pro-
peller and 5 blades at the rear propeller. The angle of flow passage domain, front
blade region has 120 degree and 72 degree of the rear blade region.

Figure 4 shows the grid system of the counter-rotating type propeller model
for analysis. The hybrid grid system is used for the grid structure. By this me-
thod, it is possible to get rid of the difficulty of grid generation around complex
geometries. Moreover, it can be more easily accommodated by simply changing
the propeller region. It is used hexahedral mesh for the outer region and tetra-
hedral mesh and prism layer is constructed in the near blade region. The num-
ber of grids is 1,500,000 cells for the single propeller model and 3,000,000 cells
for the counter-rotating type propellers. For all cases, we set the y+ value under
10.

The SST (Shear Stress Transport) turbulence model is adopted due to its
known superior standards and its reliability to model flows having higher shear
stress and to predict accurate results for flow separation under an adverse pres-
sure gradient. This turbulence model uses a k-@ model for the near wall region
and a k-¢ model for the bulk domain. To analyze the rotating effect of the flow
fields, the MRF(Multiple Reference Frames) method is applied for the rotating
problem. For the counter-rotating propeller model, mixing plane model is used
for the non-conformal interface between the front and rear propeller region. The
cell-centered finite volume method with a pressure-based velocity-pressure

coupling algorithm was adopted. The solution gradients at the cell centers

DOI: 10.4236/jpee.2017.512009

69 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2017.512009

H.Jungetal.

= Zi7i7 7
:}52%;“"

W0
W
e
\w‘t\\\\\%\\g}\\\g‘\\\\\\‘
it

e
i
i

et
o

III;
7
,,,I

o
iy

5

ZiTTT
LT
L
-
iy
“

At LT
,,',;3:;;%5’
ey
%
.
-

R
e
\\\\\\\\\\\\\\\\

S
5
@“' i

75

o
K
5
A
=
7

o
S
2
SRS

R

T
\o“\‘?\“‘\\\}\“\\\\\\\\\\\\\\\\\\\\e\

N
i NI
T

(®)

Figure 4. Grid structure for the calculation. (a) Grid shape for
the counter-rotating type domain; (b) Grid shape of the near
blades.

were evaluated by the cell center-based Green Gauss method. The convection

term was discretized using the second order accurate upwind scheme, and for a

diffusion terms, a central differencing scheme was used. The simulation was
performed using ANSYS FLUENT V17.2, a commercial CFD software package

[11].

To estimate the efficiency, we calculated the power coefficient related tip

speed ratio. The equation is as follows.

o; Ry
A= (1)
Vin
PR )
' Vin
A=A+, 3)
T; o; @
i (]/z)pvn?Af
Tl'a)l'
= (5)
o (]/Z)pvlr?Af
Co =Cy +Cp, (6)
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where A istip speed ratio, @ is rotating speed [rad/s], R is radius of blade,
C, is power coefficient, T is torque [Nm], A is propeller swept area [m’],
V,, is inlet wind velocity [m/s], p is fluid density [kg/m’], subscript f is

front propeller, I is rear propeller.

3. Results and Discussion

First an investigation on the efficiency of the propeller was conducted. Figure 5
shows the plot of the power coefficient ( C, ) variation along the TSR (tip speed
ratio). The results of the simulation are compared to the experimental results.
The circle symbols with line represent the results of the wind tunnel experi-
ments. The counter-rotating type propeller has a higher efficiency than the sin-
gle propeller and it is applicable for a wide range of tip speed ratio. The CFD re-
sults for the single propeller represent a good agreement with experimental re-
sults [3]. The maximum power coefficient value of the CFD analysis represents
about 0.34 at the tip speed ratio of 3.5. At the calculation data of the counter-
rotating type propeller is shown as square symbol scatter. The Power coefficient
values of the counter-rotating type propeller show a little different with the ex-
perimental results. But the tendency is nearly same. It may be caused the com-
plex interaction at the interface between the front propeller region and rear pro-
peller region. The maximum power coefficient value of the counter-rotating type
propeller shows 0.45 at the tip speed ratio of 5.98.

To examine the tip vortex shedding structure, vorticity contour is plotted in
Figure 6. This figure represents vorticity distribution along the plane section to
the downstream direction. We can confirm the vortex generation at the tip and
near the trailing edge of the blade which has a strong value and the movement
towards the downstream side. According to the flow is directed towards the
downstream side, vorticity size is increased, but the strength is decreased. The
radius of the vortex trajectory is unchanged along the flow movement towards

the downstream side.

06 ; . : —O— Exp. single propeller
T T T —0— Exp. counter-rotating propeller

A CFD single propeller
05 ®  CFD counter-rotating propeller

A

Figure 5. Power coefficient distributions according to the tip
speed ratio.
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The 3 dimensional vortex core structures are shown in Figure 7 coloured by
velocity. This figure shows the stretching of the tip vorticities. At the interface,
we confirmed the discontinuities of wake (Figure 7(a)). We changed the simula-

tion method to observe the vortex stretching. The simulation domain is divided

(a) xIR=0 (b) x/R=0.04

(c) x/R=0.08 (d) x/R=0.12

i
’ ; Vorlicity [s™1]
S | i | m

- B (S, = oD, DA
"Pbif'qg_;hb’\?f"ﬂbb{\,\i% ok g

A o
o
N R o P,
AT A AT

Figure 6. Vorticity contour according to the location of the downstream (at
single propeller model).
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Figure 7. Vortex shedding structure around the blade at single and counter-rotating pro-
peller model. (a) Stator state of rear region (single propeller); (b) Rotating state of rear re-
gion (single propeller); (c) Stator state of rear region (counter-rotating propeller); (d) Ro-
tating state of rear region (counter-rotating propeller).

DOI: 10.4236/jpee.2017.512009 72 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2017.512009

H.Jungetal.

Flow

Y

Figure 8. Divided region using interface surface for the simulation.

into 4 regions as shown in Figure 8. Region 1 is in stator state which means no
rotating region. Region 2 and 3 is rotating region. And we changed the state of
region 4 as a stator and rotating region. In the rotating case of region 4, we can

confirm the continuous vortex stretching.

4. Conclusions

In this study, the flow characteristics and the performance of the counter-rotat-
ing type tidal stream power unit using CFD method is numerically calculated.
We predicted the tip vortices at downstream of the propellers by a RANS model.
The results are summarized as shown below.

1) The power coefficient value is calculated by the CFD analysis. The results of
the CFD have a good agreement with the experimental results. A maximum
power coefficient of the single propeller model represents about 0.34 at TSR 3.5
and 0.45 at TSR 5.98 of the counter-rotating propeller model.

2) We can confirm the tip vortex stretching at downstream of the single and
the counter-rotating propeller using a RANS model. But the tip vortices are dis-
connected at interface surface according to the changing the numerical method
at the region 4. So, it is necessary to study other methods (e.g. URANS, Dynamic

mesh or Overset grid method etc.) to obtain more accurate results.
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