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Abstract: Tidal energy is one of the major sources of renewable energy. To accelerate the development
of tidal energy, improved designs of Tidal Current Turbine (TCT) are necessary. The effect of tower
on performance and wake of TCT is investigated using Computational Fluid Dynamics (CFD)
simulations. Transient analysis with transient rotor stator frame change model and shear stress
transport turbulence model are utilized in ANSYS CFX. An experimentally validated numerical
model with full scale tidal turbine with a blockage ratio of 14.27% and Tip Speed Ratio (TSR) 4.87
is used to simulate the effect of different tower diameters on performance and wake. The effect of
different tower diameters is quantified in terms of coefficient of performance (Cp). Coefficient of
performance for a 3.5 m tower diameter is 0.472 which is followed by 3, 2.5 and 2 m with coefficients
of performance of 0.476, 0.478 and 0.476 respectively. Similarly, the coefficient of thrust (Ct) on the
rotor for 3.5 m tower diameter is 0.902, for 3 m diameter 0.906 and for 2.5 and 2 m diameters are 0.908
and 0.906 respectively.

Keywords: tower diameter; tidal current turbine; performance; wake; renewable energy

1. Introduction

Tidal current energy is one of the most predictable forms of renewable energy with
significant global potential. Different types of machines can be used to extract this energy
from the tidal currents. The widely investigated and reliable one is the Horizontal Axis
Tidal Current Turbine (HATCT) [1]. These turbines can be fixed on different types of
support structures. Being a part of the whole turbine structure, these supports may affect
the turbine performance, blade loads and downstream wake.

Several factors which may affect the performance of tidal current turbines are scruti-
nized by researchers to further the understanding of turbine design and performance. In
this regard, Mujahid et al. quantified the effect of boundary proximity and blockage ratio on
the performance of HATCT by using RANS CFD in ANSYS CFX [2]. This study suggested
that the performance of the turbine does not change with variation in the blockage ratio for
turbines operating in the lower TSR regime. However, a significant increase was observed
in the turbine power coefficient with increasing blockage ratios for turbines operating in
optimum and higher TSR regimes. Consul, Claudio et al. performed similar investigations
for their cross flow marine turbine [3]. Weichao Shi et al. added another important aspect to
the field of RANS CFD simulations of TCT and characterized the discernible effects of flow
separation on the predicted performance [4]. Jing Liu et al. focused their investigations
on the structural design aspects of turbine for its effects on the performance. Their study
presented the effect of blade twist and nacelle shape on the performance of TCT through
RANS CFD simulations. Results of this study suggested that blades with a twist angle may
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extract 1.2% more power compared to untwisted blade. Whereas, the nacelle shape has no
significant effect on the performance of TCT [5].

The support tower is one of the major cost components of TCT. Therefore, the efficient
design of the support tower would be essential to the overall design developments in TCTs.
The design efficiency should not only be limited to the cost and ease of installation but also
in terms of its influence on the turbine performance. Although, it is widely believed that
the support structure may significantly influence the turbine performance qualitatively as
well as quantitatively. However, the research efforts in this direction are limited compared
to those focusing the turbine blades for enhancing the performance and reducing the cost
of the technology.

The limited number of research studies focusing the turbine support structure has
investigated the effect of tower shape, tower cross section and position on the performance
of Tidal Current Turbines. In one such study, C. Frost investigated the effect of flow
direction and the proximity of tower to rotor on the performance of HATCT by using
Reynolds Averaged Navier-Stokes Computational Fluid Dynamics (RANS CFD) to show
that both have significant effect on the performance [6]. Similarly, Angus C. W. Creech used
CFD with Large Eddy Simulation (LES) for investigating the influence of support structure
on the performance and wake characteristics [7]. A. Mason-Jones also utilized RANS CFD
numerical model to study the influence of different support tower shapes and velocity
shear profile on the performance of HATCT [8]. Although, some of the investigated support
shapes were unrealistic, such as diamond aerofoilic and elliptical. However, some more
realistic shapes, such as square and circular, were also investigated to characterize their
influence on the turbine performance and near wake. Subhash Muchala extended these
investigations to tidal turbine arrays and suggested that a support tower may reduce the
array power output by about 40% [9]. Recently, Jan Badshah [10] investigated the influence
of tower elasticity on the performance of TCT and characterized the fatigue character of a
monopile support tower through coupled FSI simulations. The investigations revealed that
the variations in power and thrust coefficient of TCT considerably increase due to tower
elasticity. The study also presented a very crucial finding that direct thrust force on the
tower varies by more than 100% during a turbine rotation cycle. The development of tidal
energy technology would require one to lower the cost of technology. The developers are
looking into the prospects of large size TCT’s as one of the ways to achieve this objective [11].
However, this would require more detailed information about the influence of support
tower on the turbine performance and loads on the blades as well as the support tower
itself. Additionally, the influence of the support tower on the downstream wake and its
implications for downstream array devices would be critical for further development in
the tidal energy technology. This paper attempts to address one of these basic issues and
investigates the effect of the tower’s dimeter on the performance and wake of TCT.

This paper is divided into seven sections with Section 2 describing the numerical
method utilized for the research. Discussions on dimensionless performance parameters
are presented in Section 3. Detail of the mesh setup, sensitivity, boundary conditions and
computational domain are provided in Sections 4 and 5. Important results obtained from
this research are presented and discussed in Section 6. The effect of tower diameter on
the performance is analyzed in terms of the coefficient of performance, while the effect of
tower diameter on the wake is assessed in terms of the downstream velocity deficit. The
main conclusions drawn from this research are presented in Section 7.

2. Numerical Method

ANSYS CFXis used to conduct transient CFD simulations by solving the incompress-
ible RANS equations with a second order advection scheme in the finite volume method.
The use of RANS CFD simulations for TCT is not novel and the methodology is quite
well known and frequently used; for example, in the studies in ref. [12-14]. ANSYS CFX
employs a node centered finite volume method for solving the governing Navier-Stokes
equations. The computational fluid domain is first discretized into a finite set of control



Energies 2021, 14, 1059

30f13

volumes and then the continuity, momentum and energy equations are solved for these
sets of control volumes.

The methodology is adopted such that the simulations are initially performed in a
steady state using Multiple Frame of Reference (MFR) approach. This is accomplished in
ANSYS CFX using a frozen rotor frame change model. In this approach, the governing
equations are solved in a rotating reference frame and the computational grid is not
physically rotated. In a Frozen Rotor model the two frames connect such that their relative
position is fixed throughout the calculation. This provides a steady state solution to the
Multiple Frame of Reference problem and requires less computational effort [15]. Blades
of the turbine are assumed to be neutrally buoyant and the influence of gravity is also
neglected. Additionally, the density of water is assumed to be constant and the cavitation is
neglected. A Shear Stress Transport (S5T) turbulence model is used with an automatic wall
function. The SST model belongs to the group of eddy viscosity models, and considers the
Reynolds stress term to be proportional to the mean rate of deformation: The SST model
combines the Willcox model and standard model to utilize the advantages of both models.
This is accomplished using a blending function to apply the model in the viscus sub layer
region of the no slip boundary and the model in outer part of the boundary layer. The SST
model is known to better predict the onset and amount of flow separation under adverse
pressure gradients with better convergence [16]. The limitation of these models is that they
are based on the Boussinesq hypothesis with the assumption that turbulence is isotropic.
This assumption is inappropriate for large turbulence length scales [17]. Therefore, these
models are known to be suboptimal in the near wake due to the presence of large turbulence
structures. Contrarily, the Large Eddy Simulation (LES) type models solve the spatially
averaged Navier—Stokes equations. In this approach, the large size eddies (i.e., turbulence
structures) are directly resolved and eddies smaller than the mesh are modelled. The LES
models have been recently used for modeling the spectral distribution of blade bending
moments for TCT’s [18-20]. However, the requirement of computational resources and
efforts are infeasible for most applications. A review of the previous RANS CFD modelling
works on tidal turbine over the last decade reveal that the based Shear Stress Transport
(SST) model has generally performed better for tidal turbine applications [2,21]. Therefore,
the based Shear Stress Transport (SST) model is also used for all the simulations in this
study. The results file of the steady state simulation is used as the initial condition for
transient simulation. The transient model (time dependent) simulates the rotor in more
accurate way as compared to steady state model. This is accomplished using transient
rotor stator frame change model and sliding mesh technique in ANSYS CFX. The 2nd order
backward Euler time stepping scheme is used to solve the transient term. In a transient
rotor stator frame change model, components on both sides of the interface move relative
to each other. Although, this approach is more realistic but its computational cost is high
and requires higher disk storage compared to a frozen rotor model. The inner cylindrical
domain which contains the rotor is physically rotated in a transient rotor stator change
model after every time step by utilizing the sliding mesh method. For the rotating domain
the mesh motion is enabled with regions of motion specified and the mesh displacement is
set relative to the previous mesh.

3. Performance Parameter

In this section two different dimensionless parameters are discussed which are used
for the performance of tidal current turbine. First, tip speed ratio is discussed. TSR is the
ratio of blade tip to the mean flow velocity

Rw
TSR = — 1
= M
V denotes the velocity of the main stream flow in m/s, and R denotes the radius of the

rotor, whereas w is angular speed of the rotor in rad/s.
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The performance of tidal current turbine usually predicts through the use coefficient
of power. Coefficient of power is the ratio of the power extracted by the rotor to the power
available in the stream. It is denoted mathematically as

P

Cp=———x
P 050AV3

@)
P denotes the power extracted by the rotor, p denote the density of the water, A denotes the
swept area of the rotor and V denotes the velocity of the water mean flow.

The coefficient of thrust is calculated through the following equation

T

Cr=-——>
T~ 050AV2

®)

where T denotes the axial force on the rotor.

4. Mesh Set Up

Hybrid mesh is generated with a selective body meshing technique. This meshing
technique used is not rare, but is also successfully used by Nitin et al. [22]. The external
stationary domain and turbine blades are meshed with hexagonal structured mesh. Only
a small portion of 25 m of the external stationary domain in the vicinity of turbine is
tetrahedral meshed. The combination of hex and tet mesh is shown in Figure 1a. Figure 1b
shows mesh on the turbine structure with tet mesh on hub, nacelle and tower. Conformal
mesh is generated on the shared faces between bodies by converting the geometrical model
into a single multi body part. The trailing edge and leading edge of the blade is divided
into 190 and 180 divisions, whereas the edges of the tip are divided into 90 divisions.
The tetrahedral element is 100 mm for the hub and nacelle, and 80 mm for tower is used.
The tetrahedral element of 260 mm is set for the internal rotating domain. The external
stationary domain is divided into three portions IN, MID and OUT. The MID portion is
meshed with the tetrahedral element with an element size of 1000 mm. The length of
the OUT and IN portion is divided into 193 and 45 divisions. Width and height of all
three portions is same; width is divided into 40 divisions, whereas height is divided into
30 divisions. The bounder layer is applied at the blade surface in order to precisely solve
the flow over the blade. The first layer thickness method is utilized by specifying 0.7 mm
to the height of first layer thickness and 11 layers of prism are used with a growth rate of
1.2 which is in the prescribed range of 2 <y plus < 300 to take the full advantage of the
automatic wall function switch [23]. The total number of elements in the internal rotating
domain and external stationary domain is 7 x 10° elements.

(b)

Figure 1. (a) Mesh detail of external and internal rotating domain (b) mesh of turbine.
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5. Computational Domain with Boundary Condition

The computational domain for the problem is set to correspond with the actual channel
experiment described in [24]. However, the twin rotor configuration of the original RM1
turbine design is remodeled as a single rotor turbine. This is evident from Figure 2, where
a cross sectional view of the computational domain shows that the turbine is located near
the side wall of the domain and not at the center. This approach reduces the computational
cost of the problem by taking advantage of the design symmetry and does not influence
results of the simulation. This approach is not rare and has also been previously used
in several other studies for the RANS CFD simulation of the RM1 turbine [25-27]. The
computational domain is divided into two parts in this study; Internal Rotating Domain
(IRD) and External Stationary Domain (ESD). The external stationary domain is divided
into three portions, IN, MID and OUT. The dimensions of the ESD are (500 x 55 x 40 m3).
The diameter of the cylindrical IRD is 24 m where as its thickness is 5.4 m.

- 54.00 -
ESD +—— | ¥ SYmmetry
| —@24.02
—
Mo Slip wall [ IED

Figure 2. Front view of computational domain with External Stationary and Internal
Rotating Domain.

The blockage ratio of the computational domain, neglecting the blockage due to tower,
is 14.3%, which is similar to the experimental channel. However, if we add the contribution
of the tower in the total blockage ratio then it would increase to 16.1%, 16.5%, 17% and
17.5% for the 2, 2.25, 3 and 3.5 m tower, respectively. This change in blockage ratio in
the range 16.1-17.5% is marginal and is not expected to have any major influence on the
turbine performance and downstream wake. This fact is clearly established in the blockage
study of this (RM1) turbine in an earlier study by Badshah et al. [2]. Additionally, the
argument that this marginal change of 1.4% in the blockage ratio would not much influence
the turbine performance and wake is also supported by the experimental study of Chen
and Liou [28] and the RANS CFD study of Nitin and Arindam [22] and Koh and Ng [29].

The turbine rotor is enclosed by IRD, in order to model the rotating rotor by using
MRE. The back face of the hub is grounded at (x, y, z) = (0, 0, 0), which is used as a domain
reference. The rectangular ESD inlet is specified, utilizing a turbulent intensity of 5% and
viscosity ratio of 10 thought out all simulations. The outlet BC is specified with 0 pa relative
static pressure at ESD for making the boundary conditions robust [30]. On the surfaces of
hub, blades, tower and nacelle no slip the wall boundary condition is applied; similarly,
no slip wall boundary condition is applied on the one side wall and on the bottom of the
plane of the domain. No slip wall boundary condition considers the velocity adjacent
to the wall as zero m/s; it is the most commonly used wall boundary condition [30]. At
the top of the ESD free slip, a wall boundary condition is applied which assumed that
velocity of the water adjacent to the wall is not zero, or in other words the effect of wall
friction is neglected; this may result in poor prediction of the performance of TCT. However,
if the clearance between blade tip and top surface is greater than or equal to one rotor
diameter then the free surface effect on the performance prediction is negligible and is
widely used [22,31,32]. Three interfaces are defined at three contacting faces of the IRD
and ESD. A transient rotor stator frame change model is used with a general connection
interface model, and general grid interface (GGI) method is used to connect the meshes.
For the rotating side of all three interfaces boundary condition interface is specified and the
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mesh motion is also activated. The mesh motion is activated for the no slip wall boundary
which is applied to the blade and hub inside the IRD and wall velocity relative to the frame
is selected. A complete demonstration of the computational domain is manifest in the
Figure 3.

- 90 = L A 385 -
m
L 112 out Free Slip wall
=5.4|

_ING K N
ap Inlet L4, % Outlet
]

S

o=t 10 No Slip wall

Figure 3. Demonstration of computational domain.

6. Results and Discussion

The RANS CFD simulation methodology adopted in this paper is already temporally
and spatially verified and validated with the circulating water channel experimental
measurements by the authors in Badshah [33]. The performance of turbine for 10 complete
rotations is modelled in CFD simulations for different tower diameters as shown in Figure 4.
The time series show a drift in cycles representing the power coefficient values for the
first seven revolutions. The drift in power coefficient values cycle progressively decreases
with diminishing marginal drift after the 7th revolution. This is an indication that the
values of predicted power coefficient were initially unstable but attained the convergence
from 7-10 revolutions. The CFD simulations are generally run for prolonged durations to
avoid such instabilities in the convergence of results. Although, an absolute convergence
is generally very demanding due to the simulation time and computational resources
requirements. However, to limit the uncertainties associated with the results, we have used
data from the last (10th) revolution for the discussion on results in this study. Figure 5
shows that the coefficients of performance of turbine during last rotation for different tower
diameters. The rotation starts with the position of blades vertically aligned with the tower
and ends with the same position after one rotation corresponding to 360°. As rotation
proceeds the blades move from a vertically aligned to a horizontal position. The Y-axis
represents a corresponding coefficient of performance during blade rotations. Figure 5a
shows the variation of Cp for tower diameter of 2 and 2.5 m while Figure 5b for 3 and 3.5 m.
The coefficient of performance in all diameter cases increases as the blades move from
vertical to horizontal positions and decrease as the blades tend towards vertical positions.
This phenomenon is called the tower shadow effect, which is also experienced by other
researchers in [1,6,7]. The tower diameter has little effect on the overall performance of
tidal current turbine. However, the effect exists. With the increase of diameter from 2
to 3.5 m, the increment of 0.5 m the coefficient of performance has been increased. The
maximum Cp of 0.522 is observed at 2.5 m. This may be due to the combined effect of
blockage at this point. The performance of the turbine with the decreasing tower diameter
is increasing because the tower shadow effect of the tower is decreasing which affects the
performance. Apart from this, the quality of the power extraction is highly affected, as
the diameter of the tower increase the fluctuation of the power extraction increase. These
fluctuations in the power extraction may have an effect on the fatigue life of the turbine
and tower [6,33,34].
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0491 dia 2 dia 2.5 049 T——dias dia 3.5
_____ ia 2( mean = = = dia 2.5(mean 0.485 +— — = dia 3 (mean) = = = == dia 3.5 (mean)
0.485 1 i 2(mean) i 2:3(mean) [
0.48 -
0.48 0.475
o Q. L
o o
0.475 047 1
0.465 -
0.47 r
0.46 -
0.465 | 0.455 . . . {
9 10 9 10

Rotation

(b)

Rotation

@)

Figure 5. Coefficient of performance for tower having diameter (a) 2 and 2.5 m (b) 3 and 3.5 m.

Table 1 presents quantitative evaluation of the mean power coefficient ad its fluctuation
from the mean value during a rotation cycle for turbines with different tower diameters.
The fluctuations from the mean Cp are high for the greater diameter. The fluctuation from
the mean Cp for a tower diameter of 3.5 m is 17.1%, followed by 16.1% for a 3 m diameter
tower, and 15.6% and 15.7% for a 2.5 and 2 m diameter, respectively. The difference in
Cp fluctuation between turbines with towers of 2 and 2.5 m diameter is 0.1%, which is
negligible because it is CFD study and CFD results account for small error. Similarly, the
difference in fluctuation between 2.5 m diameter tower and 3 m diameter tower is 0.5 and
the differences between 3 m diameter and 3.5 m diameter is 1 when the diameter of the
tower is increased from 2 to 3.5 m and the fluctuation in the power extraction increases
from 15.7% to 17%. This discussion supports the argument that the fluctuation in the power
extraction increases by increasing the tower diameter of the turbine.
max — min

Fluctuation =
mean cp
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Table 1. Fluctuation in the Coefficient of performance for different tower diameter.

Tower Diameter(m) Mean Cp Fluctuations (%)
3.5 0.472 17.1%
3 0.476 16.1%
2.5 0.478 15.6%
2 0.476 15.7%

Figure 6 shows the coefficient of thrust of the turbine with different diameter towers.
Similarly, the coefficient of performance of the last one revolution is discussed here for
brevity. The coefficient of thrust on the rotor is maximum when the blades are away from
the tower of the turbine and are in a horizontal position. When the blades of the turbine
move near the tower or are in a vertically aligned position with the tower the coefficient
of thrust on the rotor decreases and reaches its minimum value. As the blades pass the
tower the thrust on the rotor gradually increases and reaches its maximum value. The
tower diameter has a small effect on the thrust of the rotor of the turbine. Thrust on the
rotor for the tower diameter of 3.5 m is a minimum in all cases. The mean thrust on the
rotor for the smaller diameter is higher than that of lager diameter towers.

0.905 -
=]
(®]

3 dia 2

| = = =dia 2.5 mean

= = =dia 2 mean
0.885 L . L L i 0.885 L L L . i
9 Rotation 10 9 Rotation 10

(a) (b)

Figure 6. Coefficient of thrust for tower having diameter (a) 2 and 2.5 m (b) 3 and 3.5 m.

Table 2 illustrates the fluctuation of coefficients of thrust from the mean thrust. The
fluctuation in the coefficient of thrust from the mean value is a maximum for the tower
diameter of 3.5 m, followed by a 3 m diameter which is 7.8%, whereas the fluctuation in the
coefficient of thrust for a 2.5 m diameter and 2 m diameter is 7.8% and 7.62%, respectively.
The difference in the coefficient of thrust fluctuation for a 2 m diameter and 2.5 m diameter
is 0.4; similarly, this difference between a 2.5 m diameter tower and a 3 m diameter tower
is 0.24.

Table 2. Fluctuation in the coefficients of thrust for different tower diameters.

Tower Diameter (m) Mean Cyt Fluctuations (%)
3.5 0.902 8.22%
3 0.906 7.82%
2.5 0.908 7.58%
2 0.906 7.62%

Figure 7 manifests the velocity contour of the water for different tower diameters. It
is clearly observed that velocity deficit beyond the tower in the far wake is a maximum
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for the tower diameter of 3.5 m, which is represented by a black line; whereas, the velocity
deficit for the other tower diameter in the far wake is not significant.

1.60 1.60 |
— —

El 20 E 1.20 £
g A
E980 Eos0 ——c5d3
L= (=]
= 2 C ——c5d3.5
@ T L
= 0.40 1 = 0.40 T

0.00 + - 0.00 + s

-sD 0 5D 10D 15D 20D -sD 0 5D 10D 15D 20D
Domain lengtk Domain length

(@) (b)

Figure 7. Velocity contour of the water throughout the domain at the center line of the turbine (a)
TCT with tower 2, 2.5 m diameter (b) TCT with tower 3 and 3.5 m diameter.

Figure 8 presents the velocity contour for different tower diameter having same tip to
tower clearance. The blue line at the bottom of the domain manifests the wall boundary
condition. Velocity next to the wall is considered zero. Similarly, no slip wall boundary
condition is applied on the surface of blades, nacelle, tower and hub: that is why velocity at
the surface of these parts is zero. Vertical asymmetry in the velocity contours from nacelle
above and below throughout the domain is due to the presence of the tower. Beyond
the tower velocity of water is small compared to the velocity above the blade tip. The
acceleration of the water above the blade tip is due to the blockage of the rotor and tower.
The center blue and green portion represents the core wake of the rotor for all turbines as
shown in Figure 9a-d. For the tower diameter of 2.5 as shown in Figure 8b the accelerated
velocity above the blade tip is mixed with a core wake, while for all other tower diameters
the accelerated velocity is not mixed with the core wake of the rotor throughout the domain
length. The velocity below the core wake for the tower diameters of 3 m and 3.5 m where
the water is accelerated for a certain time which is represented by a brown strip (the arrow
is pointing toward the strip) is shown in Figure 8c,d. The fluctuation of velocity of water
for towers 3 m in diameter and 3.5 m in diameter is high compared to other two towers.

Figure 9 manifests the velocity contour of the Z-X plane. The dark blue in the side
of every domain in Figure 9 shows that velocity at this line is zero because no slip wall
boundary condition is applied at this side; whereas, the dark blue and green regions beyond
the turbine represent the core wake of the turbine. At the other side of every domain in
Figure 9, no blue line is experienced because the symmetry boundary condition is applied
at this side. In the front of the turbine the light green contour represents the blockage
of the rotor. The brown region at the bottom of all parts in Figure 9 shows that velocity
accelerates. This acceleration is high in the cases of the 3 and 3.5 m diameters, as shown in
Figure 9¢,d because the blockage effect of these towers is greater than the blockage effect of
the 2 and 2.5 m diameter tower, which is manifest in Figure 9a,b.
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(a) TCT with 2 m tower diameter.

Velocity

2.000
1.857
1.714
1.571
1.429
1.286
1.143
1.000 (b)TCT with 2.5 m tower diameter.
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0.714
0.571
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0.000

1] e —

(c) TCT with 3 m tower diameter.

(d) TCT with 3.5 m tower diameter.

Figure 8. Velocity contour of the water in X-Y plane throughout the domain.
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(a) TCT with 2 m tower diameter.

Velocity
2.000
1.857
1.714
1.571
1.429
1.286
1.143 (b) TCT with 2.5 m tower diameter.
1.000
0.857
0.714
0.571
0.429
0.286
0.143
0.000

[m s*-1]

(c) TCT with 3 m tower diameter.

(d) TCT with 3.5 m tower diameter.

Figure 9. Velocity contour of the water for different tower diameter in the Z-X plane.

7. Conclusions

The effect of different tower diameters on the performance and wake of the tidal
current turbine (TCT) is investigated using Computational Fluid Dynamics (CFD). The
investigations utilized an already verified and experimentally validated RANS CFD model
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of the full scale SAFL RM1 turbine [25]. The experimentally validated RANS CFD model
with a blockage ratio of 14.3% (neglecting the tower) is used to simulate the effect of
different tower diameters on the turbine performance and downstream wake. A tower
diameter ranging from 2 to 3.5 m in diameter with the increment of 0.5 m is analyzed.
Results showed that coefficient of performance decreases as the blades from vertically
aligned positions within the tower go to the horizontal position. It also shows that the Cp
increases as the blades moves away from the tower for all diameters cases. The largest
difference between coefficients of performance is for the 3.5 m diameter and 2.5 m diameter,
which is 0.006. This difference is 1.25% of 0.478 (0.478 is the coefficient of performance of
3.5 m diameter tower). Similarly, the fluctuation from the mean value of the coefficient of
performance for the 3.5 m diameter is 17.1%, followed by the 3 m, 2.5 m and 2 m diameter
towers with respective percent fluctuation from mean value (16.1%, 15.6% and 15.7%). The
change between fluctuations for a different tower diameter is nearly one.

The coefficient of thrust on the rotor for the tower diameter of 3.5 m is 0.902; for the
3 m diameter and for the 2.5 m diameter it is 0.906, for the 2 m diameter it is 0.908 and
0.906, the same as the coefficient of performance for the largest difference between the
coefficients of thrust, which is for the 3.5 m diameter tower and the 2.5 m diameter tower.
This is 0.6% of the 3.5 m diameter of coefficients of thrust. Similarly, the fluctuations from
the mean value for the 3.5 m diameter and 3 m diameter are 8.22% and 7.8%, whereas this
fluctuation for the 2.5 m diameter and 2 m diameter tower is 7.58% and 7.62%. The rate of
change of fluctuation for a different tower diameter is nearly one.

The coefficient of performance and thrust decreases with the increase of tower diame-
ter. Though the decrease in the coefficient of performance and thrust with the increase in
diameter is not too high, the fluctuation in power coefficient is considerable and can lead to
fatigue failure of the tower and blades. This aspect of fluctuation with change in diameter
needs to be considered in future designs of turbine blades and towers.
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