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Abstract—This study was conducted to investigate the
effect of geometry on the performance of a shrouded tidal
turbine. When the hub radius and taper change, with a fixed
shroud radius, the inlet area changes from the inlet to the
turbine, and according to the continuity equation, the inlet
axial velocity will also change. This inlet velocity, U,
influences the output torque by a factor of U,> for the power
coefficient especially for such a case with constant turbine
rotation speed as this. In this study, a global search
optimization system was used to search for the optimal
geometry. 13 impeller design parameters and 5 shroud
casing design parameters were considered for optimization.
To reduce the simulation cost, an artificial neural network
(ANN) was applied as the meta-model of the RANS solver.
Multi-objectives of a power coefficient at different tip speed
ratios were applied to provide a function of the wide
operating range of the turbine. The proposed optimized
turbine design exhibits a high output shaft power at low tip-
speed ratios. Increasing the hub radius caused a strong
velocity gradient at the turbine inlet. Hence, achieving
smooth blade loading from the hub to the shroud for the
baseline is difficult. However, this inlet axial velocity
distortion decreased in the optimal geometry, attaining
smooth blade loading from the hub to the shroud. This
results in higher torque output and, hence, higher power
coefficient, Cpy values in the optimal geometry. From the
sensitivity analysis of the design parameters with Cp,, there
is a good global correlation between the axial velocity
upstream of the turbine and the Cpy . A strong
circumferential velocity occurs in the optimal diffuser,
causing a centrifugal force at the shroud tip, suppressing the
diffuser's flow separation. This improves the pressure
recovery and performance of the optimal design.
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I INTRODUCTION

The research to improve the performance of tidal
current turbines has received a lot of attention in the recent
past. Their design is similar to the wind turbine design,
even though it is used in the marine environment to
capture kinetic energy from currents and convert it to
electrical energy. For instance, Ohya and Karasudani [1]
developed a new broad-ring brim at the periphery of a
wind turbine. They reported an improvement in the
performance of the brimmed diffuser in that the strong
vortex formed behind it contributes to drawing more flow
at the inlet of the turbine hence higher power coefficient
values resulting from better pressure recovery in the
diffuser. On the other hand, Hashem et al. [2] numerically
investigated the effect of a brimmed diffuser on the
performance of a small-scale wind turbine. They also
noted that the brimmed diffuser increased the output
power coefficient of the shrouded turbine compared to the
unshrouded one for the same wind speed and similar
turbine characteristics. Moreover, in their study, Weichao
et al. [3] numerically and experimentally investigated the
effects of the leading-edge tubercles, mimicked from the
humpback whale, on the performance of a hydrofoil. They
established that these tubercles could improve the lift-to-
drag ratio and reduce the tip vortex, hence improving the
turbine's performance. Fu-wei et al. [4] optimized the
blade chord length and the pitch angle distribution of a
horizontal tidal turbine. They reported a power coefficient
increase of 2% as well as an expanded tip speed ratio
range. Also, Zhang et al. [5] conducted an optimization
study on the blade profiles of a horizontal axis tidal turbine
using blade element momentum (BEM) theory coupled
with CFD calculation. A 4.1% improvement of the mean
power coefficient and a decrease of 46.7% in its variance
was achieved. Kunasekaran et al. [6] used a winglet at the
tip of a turbine blade and reported a 7% increase in power
coefficient, an increased pressure gradient, and a reduced
tip vortex. Smirnov et. al. [7] have studied the effects of the
hub end wall geometry and the rotor leading edge shape,
separately, on the performance of a supersonic axial
impulsive turbine. They reported that the hub end wall
modification resulted in an efficiency increase of up to 2%,
whereas the rotor leading edge shape modification did not
provide any significant efficiency increase when compared
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with the baseline. On the other hand, Akin et. al. [8]
optimized the hub end wall contour of a turning mid-
turbine frame to maximize the isentropic efficiency of a
turbine low-pressure stage. They also compared the results
between different optimization strategies. Findings from
Fan et al. [9] demonstrate that a tidal turbine with leading
edge tubercles (Bio-turbine) has higher energy conversion
performance, especially at higher TSRs compared to the
baseline turbine. This Bio-turbine also affects pressure
distribution and flow separation behaviour on the suction
side, causing an enlarged wake recovery area. Blade load
fluctuations for a tidal turbine were reduced by using a
winglet, hence improving its efficiency, especially at a cant
angle of 45° [10].

Mohamed et al. [11] were able to
demonstrate the effect of the winglet length and cant angle

Moreover,

on the performance of a small-scale horizontal-axis wind
turbine. Similarly, Marina et al. [12] were able to show that
winglets at the tip of the blade can subdue the strength of
tip vortices, hence improving performance for blades with
winglets compared to those without. On the other hand,
Ren et al. [13] [14] investigated the effect of the winglet
shape on the performance of a horizontal tidal turbine.
Saravanan et al. [15] experimentally established that there
is a correlation between the winglet height and curvature
radius on the performance of a small horizontal wind
turbine.

Even though the effect of geometry on the performance
of a horizontal-axis tidal turbine has been studied by many
researchers, still there is limited research on the effect of
the hub radius and the taper geometry on the performance
of an axial tidal turbine. Therefore, in this study, the effect
of the hub radius and taper on the performance of a
shrouded tidal turbine was investigated. A total of 13
design parameters for the impeller and 5 for the shroud
casing were considered for the optimization. This study
was based on a previous study by Nagataki et al. [16] in
which 11 parameters were chosen for the impeller and 4
for the shroud casing. Also, in the previous study, the hub
radius and taper were fixed. However, in the current
study, these parameters were varied, and therefore,
additional design parameters were needed. Moreover, all
these design parameters were carefully selected to achieve
the objective of this study. A global search optimization
system -the Von Karman Institute of Fluid Dynamics (VKI)
optimizer- was used to search for the optimal geometry.
Multi-objectives of power coefficient at different tip speed
ratios were applied to provide a function of the wide
operating range of the turbine.

NOMENCLATURE

0 in Fig. 1 represents the inlet boundary for the
@nulation domain
@ in Fig. 1 represents the turbine blade station
CFD means Computational Fluid Dynamics
D, represents the turbine diameter
T is the symbol for torque

Cpo represents the power coefficient with respect to the
flow condition at station 0, as shown in Fig. 1.

A is the tip speed ratio

w is the angular velocity of the turbine in rad/sec

U, is the flow velocity at the inlet boundary (station 0)

p is the water density

A, is the effective flow area at the turbine blade.

0 is the diffuser angle

II. NUMERICAL ANALYSIS AND OPTIMIZATION METHOD

A. Numerical Method

The target turbine for this analysis was a Water Lens
Turbine (WLT) of diameter, D;=1200mm. It was shrouded
with a shroud casing of an equivalent diameter but with a
tip clearance of 1% of the turbine diameter for the turbine
to rotate freely. The sketch of the shrouded turbine model
is shown in Fig. 1. It had 3 blades, and the blade thickness
distribution was based on the NACA4616 aerofoil [16]. For
the numerical simulation, the inlet boundary was set to
2.5D; upstream of the turbine inlet, whereas the outlet
boundary was set to 20D; downstream of the turbine inlet.

Shroud Diffuser

Turbine

Fig. 1 Meridional section of a shrouded horizontal axis current
turbine [16]

Flow direction

6uﬁet Boundad

Outer Boundary

i

Fig. 2 Simulation domain

The outer boundary was set to 5D,, as shown in Fig. 2
for the simulation domain. This simulation domain was
arrived at after conducting several simulation domain
analyses to pick the best domain in which the boundaries
do not influence the flow in any way and hence the result.
The numerical domain comprised a stationary domain and
a rotating domain. For the stationary domain, ICEM CFD
was used to generate the mesh, whereas for the rotating
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domain, TurboGrid was used to generate the mesh. An
unstructured mesh was used for the external flow in the
stationary domain, whereas a structured mesh was used
for the internal flow of the shrouded turbine in the rotating
domain.

The steady-state numerical simulations were conducted
using a commercial Computational Fluid Dynamics (CFD)
code ANSYS-CFX version 20.2. In this study, about 123,000
nodes of unstructured mesh were used in the stationary
domain, whereas 150,000 nodes of structured mesh were
used in the rotating domain. The Frozen Rotor Interface
connected the domains, and the working fluid was water.
The turbulence model that was used is the Shear Stress
Turbulence (SST) model. The study was conducted at
design and off-design conditions. For the design condition,
the axial inlet velocity at the inlet boundary was 3 m/s,
whereas this velocity was 1.5 m/s for the off-design
condition. The rotational speed of the turbine was kept
constant at 115 rpm. A power coefficient, Cp, curve was
plotted for the optimal and baseline geometries by varying
the tip speed ratio as shown in Eq. (1) to understand the
improvement in performance between the two designs.
This power coefficient Cp, is the output shaft power that
has been normalized by using a reference effective flow
area, A;at the turbine blade inlet using Eq. (2). Where T is
the output torque, w is the angular velocity of the turbine,
p is the water density, U, is the axial inlet velocity at the
inlet boundary and D; is the turbine diameter. The
effective flow area, A;, was calculated using the difference
between the area of the turbine and the cross-sectional area
of the hub. From Fig. 1, station 0 is at the inlet boundary
(2.5D; upstream of the turbine), and station 1 is at the
turbine station. Since this is a shrouded turbine, the flow
velocity at station 0, Uy, is not the same as the velocity at
station 1, U;, because the flow is accelerating due to the
effect of the shroud. Therefore, the power coefficient is
calculated using U, because it is an important parameter
when estimating the output power and the flow condition
of the tidal flow. This is why the power coefficient has been
abbreviated by Cp, in this study.

D; .
2.Up

Ay =

@

Cpp = MPT—:M )

The unique point of this study was varying the hub
radius and taper geometry. The hub radius was varied
between 0.1 m and 0.3 m, and the hub taper was also
varied by setting limits for its respective control points.
This was done to investigate the effect of geometry on the
turbine's performance. Given that the shroud radius does
not change, as the hub radius and taper change, the inlet
area changes from the inlet to the turbine, and according
to the continuity equation, the axial velocity will also
change. It is worth noting that this study is for a fixed
speed turbine (115 rpm). Hence, for this case, it can be seen
from Eq. (2) that the inlet flow velocity, Uy, influences the

output torque by a factor of U, for the power coefficient.
Therefore, it is expected that the torque values will
increase when the inlet velocity increases. This axial
velocity component was compared between the baseline
and the optimal geometry to understand how it influences
the turbine blade loading from the hub to the shroud and
how this further influences the output shaft torque
between the two designs. During the optimization process,
the hub radius was varied, and this caused a respective
variation in the blade geometry. For instance, the blade
span and the chord length were varied as a result because
the blade and the shroud were optimized simultaneously.
This also changes the effective area of flow between the
hub and the shroud casing. The torque was calculated
from the force obtained from the product of the integrated
value of pressure distribution around the blade and the
area of the blade. The location of calculation for torque
was selected on the blade whose axis of rotation was the z-
axis. Then, the obtained torque values were used to
calculate the power coefficient using Eq. 2.

B.  Optimization Method

The optimization system used in the current study was
developed by the Von Karman Institute for Fluid
Dynamics, and it has been applied
turbomachinery studies. This design and optimization
study using GA and ANN tools is applicable for other tidal
turbines as well, including the vertical axis tidal turbines.
It can also be used in other systems, such as wind turbines
and other turbomachines in general. For example, Tun et
al. [19] and Sakaguchi et al. [20], have conducted multi-
objective optimization on centrifugal compressors and
centrifugal blowers, respectively, using this method.
Generally, this optimization process is shown in Fig. 3. The
vertical flow on the left side of the figure represents the
traditional CFD design procedure in which theoretical
consideration and experimental experience play a vital
role. The right side shows the two levels involved in the
optimization process: Level 1 and Level 2. The upper right
box (Level 1) represents the optimization loop comprising
a differential evolution algorithm (DE) and a meta-model
based on an Artificial Neural Network (ANN). The ANN
has been used to replace the computationally expensive
CFD simulations in the optimization loop (Level 1). It
provides less accurate but very fast performance
predictions, and this is very useful in evaluating a large
number of geometries by the DE algorithm during the
search for the optimum design. In the process of searching
for the optimum geometry, it is necessary to train the meta-
model, and for this reason, a database is required from past
reliable numerical data. Therefore, the database for the
current study was initialized by way of a Design of
Experiment (DOE) comprising 128 designs. This database
was generated before the optimization loop (Level 1) was
started. The optimization loop (Level 1) was invoked after
building the database and training the meta-model (ANN).
Then, DE started the prediction of the optimal geometries.

to various
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Since the ANN is less accurate than the traditional CFD, it
requires validation, which is performed by the feedback
loop (Level 2). In this validation, the output optimal
geometries from the ANN prediction are confirmed by the
more computationally accurate but expensive CFD
calculations to verify the accuracy of the meta-model
(Level 2). After validation, the results are added to the
database, and a new optimization loop is started after a
new training of the meta-model based on the enlarged
database.

C. Objective Function and Design Parameters

The maximum speed of the tidal current at the
experimental site of interest, i.e., GOTO Island in Japan, is
3 m/s, which corresponds to a design tip speed ratio (TSR)
of Ay = 2.0. Whereas, the medium speed of the tidal
current is 1.5 m/s, corresponding to an off-design TSR of
Ao = 4.0 [17]. An ideal speed of the tidal flow changes in a
sinusoidal manner with a period of almost every 6 hours,
as shown in Fig. 4. The main optimization objective in this
study is to maximize the power coefficient at design and
off-design TSRs.

START

Differential
Evolution

Performance Prediction

Level-1 Optimization loop using meta model
<

Level-2 Feedbackloop IOTHoOW O

Fig. 3 General Layout of the VKI Optimization System [18]

Uo("“fs)
30 Design A=2 °

Off-DesignA=4

1.5 o L]

Time

Fig. 4 The sinusoidal nature of tidal current velocity [18]

During the optimization process, each design
parameter was set to a lower and upper limit, as shown in
Error! Reference source not found.. For the turbine blade, t
he blade angle and chord length change from the hub to
the shroud, and a point of inflection is introduced to have
a three-dimensional (3-D) shape of the turbine.

TABLE 1 DESIGN PARAMETERS FOR OPTIMIZATION OF THE WATER LENS
TURBINE

opt
#

opt- | Blade angle at LE
1 (Hub side)

opt-

Impeller Hub Max

deg. | 5 15

> Delta_Beta_12 deg. 5 15
Ogt' Delta_HubBeta_23 deg. | © 10

opt- | Meridional position of
4 | blade TE (Hub side)
opt- | Nacelle cylinder

m 0.08 | 0.15

5 radius

O};t_ Hub taper radius m | -0.15 | -0.10
Impeller Mid 1
opt- | Span position of ) 01 05

7 | control point

ogt— Blade angle at LE deg. 0 7.5
0[9)’[— Blade angle at TE deg. | -20 0
Impeller Shroud

opt- | Blade angle at LE

10 | (Shroud side) deg. 55 62

Olpl’f ] Delta_ShroudBeta_12 deg. 0 15
Olpzt ] Delta_ShroudBeta_23 deg. 0 5

opt- | Meridional position of

13 blade TE (Shroud Side) m 0.03 0.05

Shroud Casing
opt- .

14 Shroud inlet length m | -0.30 | -0.25
°1p5t' Shroud inlet radius m | 068 | 063
opt-

16 Shroud outlet length1 m 0.40 | 0.74
opt- .

17 Shroud outlet radiusl m 0.70 0.85
Olpé;f- Shroud outlet radius2 m 0.17 0.2

A couple of control points were used on the shroud and
hub to achieve the required geometry. As shown in Fig. 5,
four control points (Opt-14, 15, 16, and 17) for the shroud
casing are adopted to achieve the conical diffuser length
and diameter. Additionally, parameter Opt-18 is used to
achieve a smooth extension of the diffuser exit. Two
control points (Opt-5 and 6) are used to achieve the desired
hub radius and taper geometry, respectively. Since this
device is symmetrical along the z-axis, only its half is
shown in Fig. 5. The design parameters in Error! Reference s
ource not found. have been described in detail in the
Appendix L.

In this study, the baseline was an existing model that
was designed previously by Nagataki et al. [16]. But to fit
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the current objective, this baseline was modified by
changing some design parameters and adding new ones.
The new design and optimization parameters include a
variation of the hub radius and taper geometry.

II1. RESULTS AND DISCUSSION

The optimization process involved a correlation of two
objective functions which are; the design Cp, and the off-
design Cp,. The obtained result is shown in Fig. 6. The
horizontal axis represents the power coefficient Cp, at the
design TSR, A, = 2.0, and the vertical axis represents the
power coefficient Cp, at the off-design TSR, A, = 4.0. In
this analysis, the objective functions were multiplied by -
1; therefore, the optimal geometry approaches the bottom
left corner.

Opt-

Opt-14~15  Shroud

Onpt-16~17

Fig. 5 Control points of design variables for optimization

From Fig. 6, the grey circles show individuals that were
obtained during the DOE process at the point of initial
learning by the ANN, whereas the red ones show those
that have met the design constraints set during the
optimization process. A total of about 220 individuals
were considered during the optimization process in the
Level 2 loop, as shown in Fig. 3. As observed in Fig. 6, a
hyperbolic shape forms at the front end of the individuals.
This is known as the Pareto front and indicates that to pick
the optimal geometry, we need to trade-off between the
two objective functions and select the individual that
shows
improving both of them in the same turbine configuration
is difficult. Five individuals were picked from the Pareto
front for analysis to understand how the power coefficient
varies among them.

The optimal individual was chosen from the Pareto
front, considering the red circle, which fulfilled the design
constraints. In this case, the individual indicated by the
green circle was chosen as optimal since it shows a good
balance for both objective functions. The baseline is shown
by a yellow circle. The 3-dimensional shapes of the
baseline and the optimal geometry are shown in Fig. 7. The
figure shows that there is a significant difference between
the optimal geometry and the baseline. Of great
importance to this study is the hub radius and taper
geometry. The optimal design has a smaller hub radius

a good balance between them. Therefore,

and taper compared to the baseline. Because of this, the
inlet area is smaller in the baseline than in the optimal
design. This also resulted in a larger blade length (span) in
the optimal design.

2 ‘ : Baseline :
DOE © o [
r DOECnstr @ E
L5 IT o L) ’
ITCnstr @ e ©9°8
1r baseline © ® ¢
ITO43 INDOOL  ® e
— 05 [ IT0O42INDDOO @ E
P ITO48 INDOO4 @
& o[ Imo32INDOOO o ]
p ITO05 INDOO4  ©
B
3 -05F 3
a
=
6 1 3
s Selected Optimum 3
2+ .
25 . s . s s . s s .

2 -18 -16 -14 -12 -1 -08 -06 -04 -0.2 0
Design Cp0 [-]

Fig. 6 Optimization results in two objective functions space.

Fig. 7 Left: Baseline, and right: Optimal geometry

It is expected that when the hub radius and taper
change, with a fixed shroud radius, the inlet area changes
from the inlet to the turbine, and according to the
continuity equation, the axial velocity will also change.
This inlet flow velocity, U; influences the output torque by a
factor of U, 3 for the power coefficient, especially for a case like
this with constant turbine rotation speed. The baseline had a
higher value of axial velocity into the turbine compared to
the optimal geometries, as shown in From this study, it
was noted that the larger hub radius and taper in the
baseline caused a strong velocity gradient at the turbine
inlet, as shown in Fig. 8 (a) and (b) for design and off-
design conditions, respectively. In these figures, the
horizontal axis shows the axial velocity in m/s, whereas the
vertical axis shows the turbine radius in meters. These inlet
flow velocity values were taken at a turbo-surface at the
leading edge of the turbine blade from the hub to the
shroud. With this strong velocity gradient, it was difficult
to achieve a smooth blade loading from the hub to the
shroud at the baseline.

Table 2It was expected that higher axial velocity at the
inlet of the turbine could cause a higher power coefficient.
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Contrary to this, it was observed that the optimal
geometry, with a smaller hub radius and taper, had the
best performance characteristics compared to the baseline,
with a larger hub radius and taper. The question is: Why
does the smaller hub radius (optimal) result in higher Cp,
values compared to the larger hub radius (baseline)? From
this study, it was noted that the larger hub radius and
taper in the baseline caused a strong velocity gradient at
the turbine inlet, as shown in Fig. 8 (a) and (b) for design
and off-design conditions, respectively. In these figures,
the horizontal axis shows the axial velocity in m/s, whereas
the vertical axis shows the turbine radius in meters. These
inlet flow velocity values were taken at a turbo-surface at
the leading edge of the turbine blade from the hub to the
shroud. With this strong velocity gradient, it was difficult
to achieve a smooth blade loading from the hub to the
shroud at the baseline.

TABLE 2 INLET VELOCITY INTO THE TURBINE FOR BASELINE AND

OPTIMAL DESIGNS

Hub Axial Av. Vel | Axial Av.

Radius | [m/s] Vel [m/s]

[m] (Design) (Off-design)
Baseline 0.2 4.60 2.38
IT043_INDO001 0.1 4.19 2.30
1T042_INDO000 0.1 3.97 2.29
IT048_INDO004 0.1 3.56 2.16
1T032_INDO000 0.1 3.45 2.21
1T005_INDO004 0.1 3.47 2.31

However, this inlet axial velocity distortion decreased in
the optimal design, attaining a smooth blade loading from
the hub to the shroud. This resulted in higher output
torque hence higher Cp, values in the optimal geometry.

Also, the performance characteristics for the individuals
on the Pareto front and the baseline were analyzed and are
shown in Table 3. In this table, T represents the torque in
Nm and Cp, is the power coefficient using the velocity at
the inlet boundary. From this table, it can be seen that all
the geometries at the Pareto front have higher output
torque values and, hence, higher power coefficient values
compared to the baseline. It is also worth noting that for
these geometries, the hub radius is 0.1m (a smaller hub
radius than the baseline). This interesting phenomenon is
very useful in explaining the higher power coefficient
value in optimal design compared to the baseline.

Regarding the diffuser angle, it can be seen that it
reduces from the baseline value to a lower value in the
optimal design. It is expected that larger diffuser angles
will result in higher power coefficients because of better
pressure recovery in the diffuser at larger angles.
However, in this case, the observation was different. Since
the optimal design had a smaller diffuser angle than the
baseline, it was concluded that the higher power
coefficient from the optimal geometry emanated from
other parameters, which are its longer blade span and

diffuser length compared to the baseline. To further
understand why the optimal geometry has higher power
coefficient values compared to the baseline, their internal
flows at design and off-design conditions are compared
alongside the other performance characteristics.

TABLE 3 PERFORMANCE CHARACTERISTICS FOR OPTIMAL AND BASELINE

GEOMETRIES

Hub Diffuser [ Off Off
Radius| Design |Design| Angle |Design |Design| Av.
[m] [T(Nm)|[ CpO| (deg) [T (Nm)| CpO [ CpO
Baseline 0.2 [83222(0.72 | 21.12 |-29.76 | -0.21 | 0.26
1T043 INDOO1| 0.1 | 1319.4] 1.05 [ 14.52 [ 85.27 | 0.54 | 0.80
1T042 INDOOO| 0.1 | 1267.9 | 1.01 | 12.44 [ 130.7 | 0.83 | 0.92
IT048 INDO0O4| 0.1 |1175.10] 0.93 | 15.36 [ 171.8 | 1.09 | 1.01
1T032 INDOOO| 0.1 |1085.50] 0.86 [ 19.42 [ 188.1 | 1.19 | 1.03
ITO0S INDOO4| 0.1 |970.27 | 0.77 | 21.47 [ 183.2 ] 1.16 | 0.97

0.8 : T
Baseline —@—
IT048 INDOO4 —@— (@

0.6 [

A
05 [ | / 1
S
N

04

Radius [m]

02

0l ht

0 I I I L
35 4 45 5 55

Axial Velocity [m/s]

0.8
Baseline —@—

1T048 INDO04 —@— (b)
0.7 b

0.6 -

0.5

Radius [m]
o
'S
T

0.3

02 r

0 I I I I
2 2.1 2.2 23 24 2.5

Axial Velocity [m/s]
Fig. 8 Axial velocity at the turbine inlet (a) Design speed (b) Off-
design speed

The internal flow velocity results for the baseline and the
optimal geometry at design and off-design conditions are
shown in Fig. 9 and Fig. 10, respectively. From these
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figures, it can be seen that the flow is decelerated better in
the optimal diffuser (IT048_INDO004) compared to the
baseline. Flow separation in the diffuser can also be seen
in the baseline (shown by the purple ovals on the figures).
In contrast, the flow is attached well to the shroud in the
optimal geometry for both design and off-design
conditions. Higher flow deceleration in the diffuser results
in a better pressure recovery in the optimal geometry,
which in turn results in higher output torque. Because of
the best combination of the diffuser and blade design of
the optimal geometry, the centrifugal force that results in
its diffuser is stronger compared to the one in the baseline.
This centrifugal force causes better flow attachment unto
the shroud and hence no flow separation for the optimal
design.

m;n Stn Frame
4.500e+00
4.050e+00
3.600e+00
3.150e+00
2.700e+00
2.250e+00
1.800e+00
1.350e+00
9.000e-01
4.500e-01

0.000e+00
[m s*1]

(@)

Baseline R

IT048_INDO004
Fig. 9 Internal flow for (a) Baseline (b) Optimal design at design
condition

This can be confirmed from the absolute circumferential
velocity values taken at a turbo-surface just downstream
of the blade trailing edge for both the baseline and the
optimal design as shown in Fig. 11 (a) and (b) at design and
off-design conditions, respectively. In these figures, the
horizontal axis represents the absolute circumferential
velocity in m/s while the vertical axis shows the turbine
radius in meters. For the design condition, the values are
below zero for both the baseline and optimal design, but
the optimal has even lower values than the baseline, which
means it has better performance than the baseline in terms
of flow separation in the diffuser. For off-design condition,

the baseline values are slightly positive from the hub to the
shroud, meaning that it suffers higher flow separation,
which becomes pronounced at the hub side. The axial
velocities at the isosurfaces were analyzed for both the
baseline and the optimal design to understand the extent
of flow separation occurrence in each design. From Fig. 12,
it can be seen that the amount of flow separation in the
diffuser was higher in the baseline. In contrast, the flow
separation is minimal in the optimal design and occurs
towards the exit region. This also explains why the optimal
design has higher pressure recovery in the diffuser and,
hence, a higher power coefficient than the baseline.

To understand the performance improvement of the
optimal design, the two designs (baseline and optimal),
were subjected to similar flow conditions, and their power
coefficient curves were plotted and compared as shown in
Fig. 13.

Fig. 10 Internal flow for (a) Baseline (b) Optimal design at off-
design condition

The vertical axis represents the power coefficient,
whereas the horizontal axis represents the TSR. The inlet
flow velocity was varied from 1 m/s to 11 m/s (TSR
changed from 0.66 to 4.82). The vertical green dashed line
and orange line show the design and off-design
conditions, respectively. From this figure, it can be seen
that the optimal design has higher Cp, values for all TSR
values. The optimal design’s power coefficient keeps
increasing slightly after the design speed (A=2.0), whereas



374 INTERNATIONAL MARINE ENERGY JOURNAL, VOL. 8, NO. 4, OCTOBER 2025

the one for the baseline plunges after this condition and
reaches negative values at higher TSRs. This implies that
at higher TSR values (lower inlet velocities), the baseline
produces lower output torque, hence lower Cp, values,
whereas the optimal design performs well in all TSR
values. This is attributed to the flow separation that occurs
at the blade root and the shroud side within the diffuser
for the baseline, as shown in Fig. 12(a). It results in lower
pressure recovery in the baseline diffuser, which in turn
results in lower torque values, as seen in Table 3.
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Fig. 11 Absolute Circumferential velocity for Baseline and Optimal
design at (a) design and (b) off-design condition

During this optimization process, several geometries
were analyzed to understand which design parameters
were more sensitive to the objective functions (design and
off-design power coefficients).

.500 1.000 (m)
—
0.750

Optimal-IT048_IND004, ke,

Fig. 12 Axial velocity contour for (a) Baseline and (b) Optimal
design at an Isosurface
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Fig. 13 Power coefficient curves for Baseline and Optimal design-

From Fig. 14, it is evident that when the diffuser angle
increases from the optimal value of 15 degrees to 22
degrees, the design Cp, worsens (green, orange, and light-
blue circles), whereas the off-design Cp, increases.
However, below 15 degrees, there is no effect on the design
Cpo and off-design Cp, because the individuals (green,
purple, and blue circles) are condensed together for the
design condition, whereas there is no defined trend for the
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off-design condition. Therefore, only higher diffuser
angles affect the design and off-design Cp,.
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The relationship between the axial velocity into the
turbine and the power coefficient was also analyzed and
plotted as shown in Fig. 15. From these figures, it can be
seen that there is a good global correlation between the
axial velocity and the power coefficient. They agree well
with the theory that higher power coefficient values can be
achieved by increasing the inlet velocity into the turbine.
This is very clear from the design condition result.
However, from the off-design condition, the result is a
little bit scattered. Still, there is a clear limit at the bottom
of the points showing a trend suggesting higher power
coefficients at higher inlet velocities. Looking at the
individuals picked from the Pareto front, it is evident that
the optimizer picked lower axial velocity even though
some individuals have higher power coefficients. This is
explained by the fact that the optimal geometry had the
best combination of blade and shroud design compared to
the rest. Therefore, it was able to efficiently convert the
kinetic energy in the lower velocity flow into the turbine
(when compared to that of the baseline) to achieve the
highest output torque and power coefficient.
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Other sensitivity studies that were carried out include
the relationship between the hub radius and power
coefficient and between the diffuser length and the power
coefficient. Their results were scattered on their plots;
hence, no strong correlation was established between them
and the power coefficient. For example, when the hub
radius was increased, the inlet velocity became skewed,
and hence, it was difficult to correlate with the power
coefficient. These parameters did not contribute much to
the improvement of the power coefficient.

IV. CONCLUSIONS

The effect of geometry on the performance of a
shrouded horizontal-axis tidal current turbine (Water Lens
turbine) was successfully investigated. From the findings,
the hub radius and taper geometry influenced the effective
inflow area and, hence, the flow velocity into the turbine.
A larger hub radius caused a strong velocity gradient at
the turbine inlet in the baseline, making it difficult to
achieve a smooth blade loading from the hub to the
shroud. However, this velocity distortion was decreased in
the optimal geometry, hence attaining a smoother blade
loading from the hub to the shroud. This is the reason why
the optimal geometry produced the highest amount of
output torque and, hence, the highest value of the power
coefficient compared to the baseline. Therefore, it is
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deduced that it is not only the inlet flow condition that is
important for the turbine performance but also the inlet
flow velocity distribution from the hub to the shroud.
Moreover, from the findings, it was observed that
horizontal tidal turbines with smaller hub radii and longer
blades had better performance compared to those with a
larger hub radius and smaller blades. This is because all
the selected designs from the Pareto front had smaller hub
radii and longer blades compared to the baseline.

From the internal flow analysis, the optimal geometry
did not suffer any flow separation in the diffuser
compared to the baseline. This is because swirl flow in the
diffuser, due to the centrifugal force, suppressed the flow
separation. This improved the pressure recovery in the
optimal diffuser, resulting in higher Cp, values.

A sensitivity analysis was conducted to find out which
design parameters had more influence on the performance
of the turbine. The inflow velocity at the turbine inlet
showed a good correlation with the power coefficient. The
other parameters, including the diffuser length and hub
radius, did not have a clear correlation with the power
coefficient and were, therefore, deemed not important.

As a recommendation and future plan, experiments
should be done to validate this model and the results.
Blade loading improvement for the optimal design will
also be confirmed experimentally.
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APPENDIX

I.  Design parameters for optimization of the Water

Lens Turbine as summarized in Table 1.

Opt-1 is the blade angle, §; at the leading edge (LE) at the
hub side.
Opt-2 is the difference between f, and B, at the hub side.
Whereby f, is the blade angle at a control point along the
chord between the LE and the trailing edge (TE) of the
blade.
Opt-3 is the difference between f; and f, at the hub side.
Whereby f; is the blade angle at the blade TE.
Opt-4 is the meridional position of the blade TE with
reference from the LE at the hub side.
Opt-5 is the nacelle cylinder radius
Opt-6 is the hub taper radius
Opt-7 is the span position of control points (Opt-8 and Opt-
9
Opt-8 is the blade angle at the LE
Opt-9 is the blade angle at the TE
Opt-10 is the blade angle, f; at the leading edge (LE) at the
shroud side.
Opt-11 is the difference between 8, and f; at the shroud
side. Whereby S, is the blade angle at a control point along
the chord between the LE and the trailing edge (TE) of the
blade.
Opt-12 is the difference between f; and S, at the shroud
side. Whereby f; is the blade angle at the blade TE.
Opt-13 is the meridional position of the blade TE with
reference from the LE at the shroud side.
Opt-14 is the shroud inlet length
Opt-15 is the shroud inlet radius
Opt-16 is the shroud outlet length 1
Opt-17 is the shroud outlet radius 1
Opt-18 is the shroud outlet radius 2
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