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ABSTRACT

Tidal turbine, which is relatively similar to wind turbine in term of operational principle, has become a potential solution

for the sustainable development of global energy. This paper introduces author’s work on tidal turbine which aims to improve

the power efficiency by the adaption of counter-rotating concept. The turbine system is modelled and analyzed using

computational simulation commercial code. Compared with other works, the counter-rotating tidal turbine presented here is

expected to operate stably with high performance throughout a wide range of tip-speed-ratio. Moreover, the equability of

individual performance of each rotor is an advantage.

1. Introduction

In recent decades, where renewable energy is being
put in interest for the sake of global demand, ocean is
a considerable resource that shows potential for
developing an environmental friendly energy. Covering
70% of the earth surface, ocean is the largest solar
collector that holds tremendous energies, a small
portion of which would be able to cover the energy
need of the entire world, Tidal current is one type of
water current that can be exploited for electricity,
Tides are the rise and fall of sea levels caused by the
combined effects of the rotation of the earth and the

gravitational forces exerted by the moon and the sun,

The tides occur at an interval of approximately 12 and

half hours, so it is more predictable than wind, which
highly depends on the weather, Currently, wind
turbines with various sizes have become a familiar
sight around the world, Their purpose is to collect
energy from wind currents, Due to the cost reduction
of installation and progressive government policies,
wind turbine industry has become a key component of
the power production industry in the world, A tidal
turbine acts underwater in a very similar way to a
wind turbine operates in the air, Instead of extracting
energy from the air, a tidal turbine could collect
kinetic energy from the water, which is thousand times
denser than air, and so even slow moving tides can
carry significantly larger energy than wind, Therefore,

a tidal turbine has smaller diameter than a wind
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turbine of the same power output, resulting in lower
cost of manufacture and transportation, Due to that,
tidal turbine gradually attracts the interest of modern
researchers and scientists for its potential,

Similar to wind turbines, one of the major problem
of tidal turbine is the limitation of power efficiency.
Theoretically, the maximum portion of energy that a
single rotor turbine can capture is 16/27 of the total
@ this

available energy in the stream In actual,
portion is even lower due to various factors and
influences, Thus, the wake behind a single rotor
contains a large amount of unused energy; part of this
energy can be extracted further by installing a second
rotor in a proper region, Since the wake behind the
first rotor is rotating in the opposite direction to the
rotational direction of the rotor, the second rotor
should rotate in the same direction as the wake in
order to effectively capture the available energy
therein, Therefore, counter—rotating concept has been
put in interest of many researchers as a positive
method to overcome power efficiency limitation, There
are several ways to establish a counter—rotating tidal
turbine (CRTT) system, However, due to the complex
interaction between the coaxial rotors, there have not
been any optimum method founded yet, Previously, the
same sizing twin rotors system was introduced and
showed advantage in compactness but lack of power
efficiency improvement, especially for the second rotor
at the downstream location for both wind and tidal

cases”?

. This paper introduces a new CRTT design
that has a significant improvement of counter—rotated
rotor which is expected to contribute larger amount of

power to the whole CRTT system,

2. Turbine Design

The major component of a turbine—like machine is

the blade which directly affects the device's

performance, Basically, blade can be derived from
hydrofoil profile by various methods, In this paper,
blade elemental momentum theory (BEMT) is applied
for the turbine design, CRTT is horizontal axis type
turbine, therefore turbine design should meet the
requirement of generating high and optimum lift force,
S814 is a suitable hydrofoil which is design by National

Renewable Energy Laboratory (NREL) of USA, Both the
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Fig. 1 Schematic diagram of wastewater treatment system

Table 1. Design parameters

Parameter Front Blade Rear Blade
Power (kW) 10kW
Hydrofoil NREL S814
Design TSR 3
Rotational Speed (rpm) 45.83 28.64
Gearing Ratio 1:0.625
Rotor Radius (m) 1.25 2
Blade Mean Chord (m) 0.2837 0.4540
Hub Radius (m) 0.4
Rotor to Rotor Space (m) 0.25

front and rear rotor blades in this CRTT system are
derived from S814 hydrofoil,

Rear rotor is larger in size in order to effectively
capture tidal power within the stream, NREL S814
hydrofoil is also a popular interest of many recent

1. [CY)

works, i,e, the experiment of Barltrop et a

1 (5)

or

)

various works of Clarke et al,™, The major advantage
of the S814 is its minimized sensitivity of maximum lift
coefficient to roughness effects(6), In this study, S814
hydrofoil is selected for its durability as a thick
hydrofoil and its compatibility in tough operating
condition as underwater environment, Full blade
sections derived from this hydrofoil are illustrated in
Fig. 1 which shows shape and size of each hydrofoil

section from blade root to the tip for 10 kW scale tidal

sESHIIHSE ==& 182, MI3E, 2015



Fig. 2 S814 CRTT modeling

turbine, It is designed to operate at tip—speed-—ratio
(TSR) of 3 (rotational speed is about 45,83 rpm for
front rotor which rotates counter— clockwise and
28.64rpm for the rear one which rotates clockwise),
The modeling process results in design parameters as
shown in Table 1,

For non—dimensional expression, front rotor diameter
is presented by D, Hence, rear rotor diameter is set to
1.6D, and the space between two rotors is 0,2D, The
completed assembly of full rotor CRTT system is
illustrated in Fig, 2. With enlarged blades at rear rotor,
the CRTT is not only able to capture energy in the
upstream wake, but also to absorb a part of energy in
the stream escaped from front rotor's sweeping
periphery, The connection between blades and hub is
fixed since the pitch change function is not applicable
for the turbine in this study, Hub size dominates 1/5 of
rotor’s total size and is large enough to install
generator as well as gearing mechanism and fittings.
Since the aim of this work is the computational fluid
dynamics (CFD) of CRTT, there is no extra structural

effect or equipment is taken into account,

3. Computational Model

3.1 Meshing

Power performance and characteristics of the CRTT
are analyzed using CFD commercial code, the ANSYS
14, Meshing is done using ANSYS MESHING, Mesh
dependency study was carried out and the independency
was achieved at mesh size of 6.1 million nodes (about 23
The full

million tetra elements). rotor simulation
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Fig. 3 Full rotor mesh formation

Fig. 4 Computational domain

requires high computational effort but can bring about
more accurate results, Fig, 3 illustrates mesh formation
for the rotor which shows very dense and fine
development of elements, Yplus value at most parts of

the rotor region are below 10,

3.2 Calculation Domain and Boundary
Conditions

The computational domain is shown in Fig, 4. The
domain has cylindrical shape and is sized 4,8D X 25,6D
(Radius X Length), This is suitable for full rotor
simulation and is large enough to capture the wake
characteristics with high accuracy, The far—field
region is gridded using multi—zone hexa mesh, while
the turbine region is high density tetra mesh with
well—developed boundary layer as described above,
Inlet boundary is normal speed, outlet boundary is
static pressure, and opening boundary is set to
“Opening Pressure and Direction”. The blades and hub
are all no—slip wall boundaries, The mesh connections
between both rotors (front and rear) and between each

rotor with the flow field are general connection
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Table 2. Simulation Cases
TSR 1 2 3 4 5 6
Corresponding Tidal Speed 6 3 9 1151121 1
(m/s)

Fig. 5 Streamlines distribution on rotor blades (TSR 1)

interface boundaries and are set to frozen rotor for
frame change/mixing model, The fluid is sea water at
25°C, turbulence model is shear stress transport (SST)
with turbulence intensity is set to low (1%) for the
whole flow—field, Simulation is done in steady state by
ANSYS CFX Solver and is carried out for a wide range
of TSR as viewed in Table 2, Solver iteration is set to
10000,

convergence,

time scale is kept as low as 0,025s for

4. Results and Discussions

4.1 Flow Patterns

The visualization of flow patterns at different TSRs
are in turn shown in Fig, 5 to Fig, 10, These figures
present the surface streamlines of relative water
velocity (velocity in rotating frame) which are
distributed over the blades and hub, In all cases, the
view of blade’s pressure side is oriented at the left of
the figure and the one on the right views blade’s
suction side.

At TSR 1 (highest tidal inflow velocity), it is clearly
seen that there is flow detachment at the pressure
side, On the other hand, vortex is formed at suction
side (mainly at root part) and there is the existent of
radial flow at all blades, Usually, fluid within turbine’s
wake region should flow following the blade’s
rotational movement, In this case, the streamlines on
suction surface tends to move in radial direction from
the root of blades toward the tips, Radial flow has no

effect in transferring water's kinetic energy into
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Fig. 9 Streamlines distribution on rotor blades (TSR 5)

rotor's torque due to the escape of water from the
wake's core region, The main reason for this is
extremely high inflow tidal speed, the inflow speed up
to around 6m/s is considered very high in terms of
physical understanding, Thus, under such high speed
flow, water is quickly detached from blades and this
phenomenon may not beneficial to the absorption and
exchange of power,

At TSR 2 (Fig. 6), the streamlines already became
well developed, The distribution of streamlines at

blade’s pressure and suction sides become more

sESHIIHSE ==& 182, MI3E, 2015



Fig. 10 Streamlines distribution on rotor blades (TSR 6)

uniform without any abnormal or strange effect, At
higher TSR (from 3 to 5), the patterns look similar and
there is also no significant difference between front
and rear rotor blades, At operating TSR (theoretically
TSR 3, and is based on single rotor design), there is a
tiny sign of radial flow at trailing edge of rear blade's
suction side, The cause of this is not clear and possibly
due to computational error or minor meshing problem,
Moreover, the finest state of streamlines seem to be
found at TSR 4. With this, the CRTT's optimum
operating point can be shifted, By examining the
energy transfer efficiency, the effect can be figured
out but in general, the interaction between rotors does
have a certain changes to overall performance of the
CRTT,

At the highest TSR (lowest tidal inflow velocity), the
streamlines are no longer maintain the smoothness and
stability, Although there is no formation of vortex or
complicated flow, there is the appearance of radial
flow that is similar to the pattern at TSR 1, However,
the strength and intensity of the effect are weaker and

mainly noticeable at rear rotor’s suction side,
4.2 Power Efficiency

Power performance of S814 CRTT is evaluated by
power coefficient Cp which is calculated and expressed
in Fig, 11, The figure expresses Cp as a function of TSR
and shows individual performance of each rotor as well

as the combined performance of the CRTT system,
).(3)

)

Based on previous studies® a single rotor turbine

can operate efficiently, and extra—added rotor can only
contribute a small increase of efficiency to the device,

Moreover, there may be effects that are not

advantageous for each rotor in counter—rotating

assembly, i.e, local vortex or back flow, Such effects

may cause deficiency in both rotors operation,

sEFHDIHEE ==& H18A, M35, 2015

" ::‘ kA TTa
0.40 e / TR \
// \\\x \l

0.30 v x S
N YA, a0
S S/ - S
0.20 + // /,{374°7“""*$\.\_
£ /7 e
7 ~

TSR

—o—Front Rotor —O-Rear Rotor  —a-CRTT - Single Rotor

Fig. 11 Power coefficient as a function of TSR

Besides, because of the wake's physical characteristics,
escaped water from front rotor contacts the rear rotor
in different angles of attack and influences the
aerodynamic performance of the rear rotor blades,
Thus, the individual Cp of both front and rear rotors
are under 0,3 throughout the range which are lower
than their true capability in separated installation
operation, However, the overall Cp of CRTT is seen to
be high all in all, From the finding at streamline
characteristics, TSR 4 is the most efficient point which
has the maximum Cp very close to 0,5 The
performance is seen to be good since there is only a
slightly decrease of Cp at the vicinity (TSR3 and TSR
5). Even at the highest TSR, power efficiency of CRTT
is in an acceptable value, At TSR 1, the turbine's
performance is poor as Cp is as low as 0,15, This is
reasonable to what has been seen previously at the
flow patterns,

Fig, 11 also presents the performance of S814 tidal
turbine operating as single rotor device with the same
design as front blade, Compared with the CRTT, single
rotor turbine has the maximum Cp at TSR 3 and this
point is significant higher than the rest, When it
comes to CRTT system, the front rotor's performance
drops in about half of its capability seen in single
operation, The installation of counter—rotated rotor at
given distance in fact does influence the operation of
upstream rotor and thus decreases its power efficiency,
These results are reasonable to characteristics of flow
patterns discussed above, where high efficiency is
found at cases with well—developed streamlines, In
same sizing design, the rear rotor’s performance is not
so highlighted and mainly beneficial at low TSRs,
Compared to recent works of other researchers as

Sutikno et al,m, Grant et al,(s), Kumar et al_(g) and Lee
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Fig. 12 Performance comparison among studies

1 (10)

et a S814 CRTT shows similar or even more

promising performance, Figure 12 shows several recent
researches’ results in comparison with S814 CRTT, Lee
et al.’s counter—rotating turbine is slightly more
efficient than S814 CRTT, but their work is done for
wind case, The other studies have one common, that is
the operating range is mostly at high TSR region
where either tidal current is low (low power output) or
rotational speed is high (disadvantage for durability
and structural concerns).

The configuration of S814 CRTT in this study results
in bigger rear rotor but shows more promising power
performance and more importantly the trend is
maintained throughout a wide range of TSR and both
rotors have stable equal performance with less
unbeneficial interaction, With the high performance at
various TSRs, we can use this device widely and
efficiently at varied tidal current conditions,

In actual, other than power efficiency there are
many about CRTT needed to be fully

discovered, Nevertheless, the S814 CRTT shows high

concerns

potential for further development and improvement,

5. Conclusions

This paper introduces a computational evaluation of
counter—rotating application for tidal current turbines
which focus on introducing and analyzing a proposed
design for rear rotor as a solution to enhance power
efficiency, In summary, the following conclusions are
given,

1) The proposed design of tidal turbine is able to

capture tidal energy up to 33 — 48% of available
source under a wide variety of tidal stream

velocity ranging from 1 to 3m/s,
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2) The design of CRTT in this study shows less
complex interaction between rotors which allows
them to evenly co—operate and contribute to the
overall performance of the system efficiently,

3) The size of rear rotor disables the compactness of
CRTT the

improvement of power performance,

system but does contribute to

The CRTT in this paper is computational model and
its capability has not been fully comprehended yet
since various factors were excluded, i,e, distance
between rotors, other selections and arrangement of
counter—rotating assembly, These problems should be
investigated and taken into account in future work
to discover the optimal design for CRTT, The results
of this study help contributing to the present
development of tidal turbine as the potential method of
tidal energy conversion to serve the future demand of

renewable energy.
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