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Abstract

The plentiful advantages of the vertical axis turbine, have caused significant growth in vertical axis
turbine research and development. This research paper presents a numerical study of self-adjusting
blades turbine, as an alternative to the Savonius-based turbine. Unsteady Reynolds-averaged Navier—
Stokes equations with the Semi-Implicit Method for Pressure-Linked Equation algorithm and a k-o
Shear Stress Transport turbulence model have been applied in computational fluid dynamics
simulations. The dynamic behavior of fixed and self-adjusting blade turbines has been simulated
numerically at a low flow speed of 0.32 m/s. The rotational motions of fixed and self-adjusting blade
turbines were solved using the sliding mesh model and dynamic mesh motion, respectively.
Additionally, the results of performance analysis were validated by the experimental data. The
performance and flow characteristics of the self-adjusting blades turbine for different arm length to
bucket diameter ratios (r/d) and blade angles () were discussed and analyzed. Moreover, C_Pmax and
tip speed ratio for the modified turbine were found for flow velocities from 0.17 m/s to 0.64 m/s. the
maximum performance of the modified self-adjusting blades turbine was 0.16 at tip speed ratio,
A=0.45 which the torque coefficient corresponding to maximum power coefficient was 0.34.

Keywords: Novel vertical axis turbine, Self-Adjusting Blade Turbine, low speed flows, linkage effect,
fixed blades turbine.

fuels on the climate and their costs rising,
population growth and electrical demand

1- Introduction

Utilization of electrical energy is the key to
economic growth and improvement in
living standards. Rural electrification in
developing countries remains a main
challenge as is indicated by the 2030
united nations sustainable development
goals [1]. The importance of reducing
greenhouse gas emissions, depletion of
fossil fuel sources, adverse effect of fossil

drives research on sustainable energy
resources and investigation of more
efficient technologies [2-6]. Hydropower,
mainly hydrokinetic energy technology, is
one of the most vital, reliable and well-
distributed renewable energy sources for
global electricity generation due to its high
density, continuous availability,
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predictability and independence from
weather conditions; it also has a low
impact on environmental and human
activities [7-9]. Harnessing kinetic energy
of flowing water is  especially
advantageous in regions with numerous
riverine resources where dam construction
is infeasible or ecologically sensitive [10].
Furthermore, it has the highest global
electrical output capacity compared to
other renewable sources such as solar,
wind, biomass and geothermal energy [11,
12]. Hydropower turbines are one of the
most commonly-used technologies to
extract hydrokinetic energy, in which the
turbine blades turn the generator to
produce electricity. Differing in their
alignments of the turbine axes with respect
to the water flow, horizontal axis turbines
(HAT) and vertical axis turbines (VAT) are
core components of hydrokinetic devices
[13-15]. Until now, there has been no
consensus on whether the VAT or HAT is
the best choice for using river/marine flow
energy. However, the VAT appears to have
more advantages compared with the HAT
in several aspects [4, 6, 17]. The VAT can
capture an incoming water flow from any
direction and therefore does not need a
yaw mechanism, while the HAT does
require a yaw mechanism. Also, the VAT
is quieter in operation, has reduced
mechanical complexity, low cost, simple
fabrication and is easy to mount on
different ducts [18-22]. Likewise, the VAT
is more appropriate than the HAT for low-
speed. In the VAT category, the Savonius
turbine is a drag-type rotor and is very
commonly applied in regions with low-
speed flows [12, 14, 20,23].

The optimum flow speed for ideal turbine
operation is at least 2 m/s [24], while the
average flow speed in many locations is 1
m/s [12, 23, 25]. Conventional flow

turbines, which include Darrieus, H-
Darrieus and Gorlov turbines, depend very
much on the velocity of the flow and thus
must operate in a high-speed flow. Hence,
the use of conventional flow turbines is not
a feasible solution for generating electricity
from a low-speed flow.

Numerical methods have been applied in a
vast number of scientific studies to
determine the efficiency and reliability of a
system Dbefore designing and actual
construction. Because of the savings in
time, power of visualization, cost-
effectiveness, ease and accuracy provided
by simulations, numerical studies are
extensively implemented to analyze the
flow outline around the blades of a turbine.
Computational fluid dynamics (CFD) is a
useful numerical method that is extensively
employed to analyze turbine performance
and solve fluid flow problems.

In the interest of encouraging sustainable
energy solutions to attain energy security
with a diminished carbon footprint, several
studies, both numerical and experimental,
have been conducted to develop diverse
aspects of the vertical axis turbine (VAT).
Quaranta and Davies [25], investigated
innovative materials for hydropower
application and  offered significant
information on their performance, benefits
and drawbacks [25]. Mat Yazik et al. [7]
conducted a numerical study to show the
influence of blade angle, water flow
velocity, surface roughness and blade
material on the performance of a static
Savonius  hydrokinetic  turbine. The
simulations revealed that the optimum
position for the maximum static torque
coefficient, C st=0.30 was at 15° with
respect to the fluid flow. Increasing the
flow velocity improved the turbine static
torque due to an increase in the kinetic
energy but increasing the surface
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roughness has decline effects on the static
torque coefficient and decreasing the
overall turbine performance [7]. Wong et
al. [26] conducted experimental and
numerical work to investigate the
aerodynamic effects of a flat plate deflector
on the performance of a vertical axis
turbine. The results showed a maximum
power coefficient of 33% and that the
performance of the turbine was highly
dependent on the position of the flat plate
deflector. Additionally, the deflector was
able to induce a 25% higher velocity
compared to the oncoming flow [26]. A
numerical investigation was performed by
Elbertan et al [14], to study the
performance of a ducted nozzle Savonius
water  turbine compared with a
conventional Savonius turbine. They found
that the flow speed was increased by the
modified ducted system. The maximum
value of the power coefficient was reported
to be 0.25 at a tip speed ratio (TSR) of
0.73. The performance of the modified
system was enhanced by approximately
78% in comparison with the conventional
system. Paniagua. Garsia et al. [23],
Studied the effect of blade shape
modification on  Savonius  turbine
performance using CFD evaluations,
Artificial Neural Network training and
Genetic Algorithm optimization. Their
finding displayed that the new blade shape
improved performance by 8.3% over
conventional design. Various studies have
focused on optimizing blade shape,
implementing endplates and deflectors to
improve the turbine performance [27-33].
Ferrari et al. [34], conducted unsteady two-
dimensional and three-dimensional
simulations using a k-w SST turbulence
model to characterize the performance of a
Savonius turbine. The results showed a
maximum power coefficient of 0.202 at a

TSR of 0.8 for a turbine with an aspect
ratio of 1.1. A simulation has been made
by Kumar and Saini [35], to analyze a
modified Savonius turbine at a flow speed
of 2 m/s, which determined a Cpmax of
0.42 for a blade arc angle of 150° and a
blade shape factor of 0.6, corresponding to
a TSR of 0.9. Alfaro-Ayala et al. [36],
applied a numerical study using the
dynamic mesh method (DMM) to
investigate the blade pressure and
aerodynamic characteristics for different
angular positions and various wind
velocities. A numerical analysis was
conducted by Hassanzadeh et al. [37], to
examine the performance of a new turbine
design using folding buckets. This study
obtained a Cpmax of 0.321 for a TSR of
0.9, which indicated an improvement of
approximately 52% in  performance
compared to  conventional  design.
Numerical investigation of a Darrieus wind
turbine with slotted airfoil blades and its
comparison with a baseline turbine has
been conducted by Mohamed et al. [38],
who found that the slotted turbine has a
maximum torque coefficient of 0.15 and a
maximum power coefficient of 0.3 at a low
TSR of 2, approximately three times those
of the baseline turbine at same TSR of 2.
Also, results showed that the power
coefficient of the slotted turbine notably
decreased at high TSR and flow separation
past the slotted airfoil was delayed at an
attack angle of 20°. The performance of a
helical Savonius turbine was studied
numerically and experimentally, and its
results were compared with a two-stage
Savonius  turbine under the same
conditions. The obtained results show that
the helical Savonius turbine generates
stable torque and a higher power
coefficient in comparison with the two-
stage Savonius turbine [39]. Saad et al.
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[40], have conducted a three-dimensional
numerical analysis using the URANS
equation in conjunction with a k- SST
turbulence model to determine the optimal
design of a twisted-bladed Savonius
turbine with a high self-starting capability
and the best performance. The effects of
different design parameters, as well as
overlap ratio, twist angle, endplates size
ratio and wind velocity, are investigated.
Results indicated that the Savonius turbine
with an overlap ratio of zero, a twist angle
of 45° and an endplates size ratio of 1.1
achieved the maximum performance. In
addition, it was shown that wind speed
increases acted to enhance the power
coefficient. Subsequently, the optimal
configuration attained a high self-starting
capability. It is noteworthy that
experimental work validated the numerical
results. The performance of rotors with
three cross-sections, namely classic, batch-
type and elliptical, was numerically studied
by Kacprzak et al. [41] and Frikha et al.
[42], conducted numerical simulations in
conjunction with standard k- and
experimental validation to investigate the
effect of multi-stage on the efficiency of a
Savonius turbine and indicated that a five-
stage turbine has a maximum power
coefficient of 0.13 among other types of
turbines.

The present study aims to analyze the
performance parameters of a novel VAT
configuration known as a Self-Adjusting
Blade Turbine (SABT) using the unsteady
RANS equation. in fixed blades turbine
operation, the flow impact on the turbine
blades is considerable, providing a driving
force on one side of the blade turbine
(concave side), while on the other side
(convex side) there is resistance force from
the water. The resultant force causes the
turbine to rotate.  Therefore, the

performance of the turbine can be
improved by minimizing the drag of the
water on the convex side of the returning
blade. Hence, linkages were applied
between blades to allow for adjustment to
ensure that the blades rotate around the
rotational axis (local axis) and the
resistance force on the convex side of the
blade is minimized. The SABT has two
rotational motions when the flow acts on
the blades: one is the rotation of the blades
around the main axis (shaft of turbine) and
the other is the rotation of the bucket
around the local axis, which occurs due to
the linkage between the blades. In short, as
the concave side of the blade (advancing
blade) is exposed to the flow, the blade
opens fully to maximum effective area and
generates maximum force, whilst its
counterpart (the returning blade) is fully
closed to have minimum effective area and
decrease the negative drag force on convex
side. The combined effect results in an
increase in total torque to the turbine,
which will increase power output. Fig. 1
shows the schematic of the SABT.

This work is divided into three parts: the
first section discusses the CFD solver
setting and numerical procedures to
investigate the performance of a fixed-
blade turbine (FBT) and SABT at low flow
speeds of 0.32 m/s. In the second part, the
results from numerical simulation are
validated using experimental data. Finally,
the performance parameters of the SABT
with different arm-length to bucket-
diameter ratios (r/d), blade angles () and
flow velocities were analyzed and reported.

2-Description of the vertical axis turbine
A novel drag base VAT using arms and
self-adjusting blades, the SABT, has been

designed by Behrouzi et al. [43], as an
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alternative to Savonius-based turbines. The
appropriate arm length

used in the SABT was found from the
results  of
configurations of FBT in which arm length
varied. The FBTs were examined to
determine the influence of arm length on

experiments on  three

the performance parameters of the turbine
to attain a better configuration in terms of
output power. The SABT was constructed
based on the FBT results and was
examined to investigate the effect of self-
adjusting blades on performance. Table 2.1

summarises the tested configurations of the
FBT. Consequently, a FBT with an arm
length of 270 mm (model 2) which
generates maximum torque and power
output was chosen as the proper
configuration for SABT construction as
reported by Behrouzi et al. [43].

The SABT consists of four semi-circular
blades, arms, holders, linkages, shaft and
bearings; more details can be found in
Behrouzi et al. [43].

Table 1: Tested configurations of the fixed blades turbine [43].

) Arm lquth to Arm Turbine radius Turbine Bucket Tur.bine
Different bucket diameter | length 4 | diameter diameter height
configuration ratio (r/d) r(m) R (m)=7+ D (m) d(m) H(m)
Model 1 1 0.2 0.4 0.8 0.2 1.406
Model 2 1.35 0.27 0.47 0.94 0.2 1.406
Model 3 1.7 0.34 0.54 1.08 0.2 1.406

A

[ Counterpart of bucket 1 ]

Fig. 1 Schematic representation of self-adjusting
blades turbine, including: arms, linkages, blades,
main and local axis.

The SABT has two rotational movements
when the water flow acts on the blades: the
rotation of the blades around the shaft of
the turbine (main axis) and the rotation of
the buckets around the local axis, which

Current
Flow

happens due to the linkages between the
blades. Briefly, as the concave side of the
advancing blade is exposed to the water
flow, the bucket opens fully to its
maximum effective area and generates
maximum force, whilst its counterpart the
returning blade is fully closed, driven by
linkages to have a minimum effective area
and reduce the negative drag force on the
convex side. The combined effects result in
a growth in total torque to the turbine,
which will increase output power.

3- CFD simulation

3-1-  Simulation method

In the ocean engineering community, the
standard methods to investigate a turbine
characteristic  are  experimental and
numerical works. Due to the high cost of
the experimental method, great efforts have
been focused on extending numerical
methods. CFD has become a valuable
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method to evaluate hydrokinetic turbines,
which allows investigation of performance
parameters and flow patterns without the
necessity  for  instrumentation.  All
hydrokinetic turbines operate on the same
conversion principle irrespective of their
area of usage in a river or ocean; a set of
detailed variations may be imposed in the
form of geometry and operational features.
The main performance parameters of a
rotating turbine are torque, power
coefficient and TSR.

In the present work, the performance
parameters and flow pattern of FBTs with
different arm lengths and the performance
characteristics of SABTs with variations in
(r/d), B and flow speed are numerically
investigated. Fig. 2 shows the arm length,
bucket diameter and blade angle. The
commercial software ANSYS 16.1, using
unsteady  Reynolds-averaged  Navier-
Stokes (RANS) equations based on Finite
Volume Method (FVM), was applied to
solve the dynamics of three-dimensional
models for both FBTs and SABTs. In the
dynamic study of turbines, the equations
are solved using the iterative method for a
transient model. To validate and select a
suitable turbulence model, a comparison of
torque coefficient experimental results with
numerical results using two main
turbulence models( k — = and k — w 55T),

which were primarily applied to investigate
the turbine performance, is shown in Fig.
3. As the results show, the k —w 55T

turbulence model (second order) is the
more reliable turbulence model to continue
the research.

Fig. 2 Schematic representation of arm length,
bucket diameter and blade angle.

= CFD(k-w SST.r = 200 mm, Second order)

R CFD(k-w SST, r = 200 mm, first order)

Torque coefficient(Ct)

005 | | = =CFD(k-¢ realized, r = 200 mm)

® Exp(r=200mm)

0
0.1 0.2 03 04 0.5 0.6 0.7

Fig. 3 fixed blades turbine results to validate the
CFD result and turbulence model selection.

3-2 Simulation procedure

3-2-1 Fixed-Blade Turbine

The computational domain of the turbine
for the dynamic study is separated into a
rotating zone and static zone. The two
zones are separated by an interface. The
rotational domain allows rotating while the
stationary domain is fixed. The sizes of the
domains are chosen so that the boundaries
do not affect the turbine’s performance.
The circular rotational domain has a
diameter of 1.10 D (D = turbine diameter)
centred at 6 D from the inlet and sides of
the stationary domain. The computational
domain of the stationary zone is defined
with dimensions of 12 D x 12 D x 26 D.
The model geometry, computational
domains and mesh grids have been created
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using ANSYS-ICEM CFD 16.1. The
computational domain is shown in Fig. 4.
Unstructured mesh was wused, which
ensures better adaptation to the curved
geometry of the turbine. A refined grid was
used near the blades in order to correctly
predict the flow behaviour in the boundary
layer region and get accurate results. The
k —w 55T  turbulence model 1s

numerically solved using the semi-implicit
method for pressure-linked equations
(SIMPLE) algorithms for pressure-velocity
coupling with second order upwind
discretisation. The flow speed of 0.32 m/s
was set as the entry and pressure was
exerted as the exit of the boundary
condition. The sliding mesh model (SMM)
was used to solve the rotational motion of
the turbine. A no-slip wall condition was
considered for the blades. Fig. 5 shows the
FBTs tested with different arm lengths.

Fig. 4 Computational domain of fixed blades
turbine.

a) arm length, 0.2 m

b) arm length, 0.27 m

¢) arm length,0.34m
Fig. 5 Top view of three configuration of fixed
blades turbine with different arm length.

3-2-2 Self-adjusting blade turbine

We adapted appropriate settings for
simulating the SABT that provide
satisfactory accuracy and results by
creating acceptable computational
domains, boundary conditions and
adequate grids, especially close to the
blades. The SolidWorks software was used
to create the SABT design. The
computational domain size of 12 D x 12 D
x 26 D was considered appropriate for the
stationary domain. The computational
domains were discretised  using
unstructured mesh grids created using
ANSYS-ICEM CFD 16.1 software. The
finest mesh layers were applied near the
buckets in order to obtain accurate results.
Fig. 6 shows the computational domains
and model meshing of the turbine. The k-®
SST eddy viscosity model was used to
describe the flow around the turbine. The
value of water flow velocity was adopted
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at the inlet, while the pressure was
considered at the outlet of the boundary
condition. DMM was applied to solve the
rotational movement of buckets around the
local axis. DMM was applied to the flow
model where the shape of grids changed
with time because of movement on the
domain boundaries. To confirm the
rotation of the turbine and each blade
around their rotational axes, the main and
local axis, respectively, are defined by
ANSYS-ICEM CFD. For pressure-velocity
coupling, the SIMPLE algorithm was
recommended with second-order upwind
discretisation. The unsteady pressure-based
solver ~ with  second-order  implicit
formulation was applied in this study. The
blades were set as a no-slip wall boundary
condition.

Stationary domain
Rotational domain

(b
Fig. 6 The computational domains and unstructured
mesh grids of turbine. a) overview of the discretized
domains, b) the finest grids near the buckets.

4 Validation study

The CFD simulation of the FBT at three
arm lengths and the SABT were validated
using the experimental data measured by

Behrouzi et al. [43]. The turbine operation
can be described wusing the main

parameters: coefficient of torque (CT),

coefficient of power (CP) and tip speed
ratio (TSR, A). The dynamic torque
coefficient was calculated using equation
(1) while equation (2) was used to
calculate the power coefficient:

d (1)

T= 02 o
0.5V pRA;

Pourpur

_ ‘outputr ()
0.5V pRA; Crx

Cp

where T and P are the dynamic torque and
power of the turbine respectively,
p(kg/m*) is the density, v, (?} is the
velocity, R(m) is the maximum radius of
the turbine, 4, is the swept area and A is
Tip Speed Raio (TSR), which is defined as:

L Re ()

where ® (rad/s) is the angular velocity.

The numerical results of the FBT
performance compared with experimental
results are plotted in Fig. 7, while the CFD
validation of the SABT is shown in Fig. 8.

WAL Bl TS

'Y

a) Experimental setting of fixed blades
turbine.
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Fig. 7 Comparison of numerical study of fixed
blades turbine with experimental works conducted
by Behrouzi et al. [43]. a) experimental setting b)
coefficient of torque, ¢) coefficient of power.

a) Experimental setting of self-adjusting
blades turbine.

=)
n

0.45

=
e & o
LB o=

0.25

=]
-
o~

Self-adjusting blades(CFD)

Torque coefficient(Ct)

=]
s ©
o & R

¥ Self-adjusting blades{Exp.)

(b)

Power coefficient (Cp)

——Self-adjusting blades [CFD)

0.02 X Self-adjusting blades(Exp.)

o 01 0.2 03 " 04 0.5 0.6 0.7

(©)

Fig. 8 CFD validation of self-adjusting blades
turbine using exprtimetal data conducted by
Behrouzi et al. [43]. a) experimental setting b)
torque coefficient ¢) power coefficient.

The simulation and experiments have
reasonably similar trends and their results
show good agreement with each other.
There are a few differences between
numerical and experimental results; the
value of the numerical simulation is
slightly higher than in the experimental
results. The difference
experimental and numerical results of fixed

between

blades turbine at maximum values are
8.9%, 6.7% and 8.6% for arm length 200
mm, 270 mm, and 340 mm, respectively.
Also, the maximum error percentage of
self-adjusting blades turbine is calculated
8.69%. These small differences can be
attributed to experimental and numerical
error due to some uncertain factors that led
to a decrease in the obtained torque value.
The holding structure of the turbine model
test is one parameter which appeared to
cause differences in the results. It caused
some loss of torque produced from the
turbine shaft. Also, the SABT included
movable parts and other factors such as
water viscosity, friction in the bearings,
pulleys and wiring, etc. These may have
introduced extra friction which led to
errors between numerical and experimental
results.

In sum, despite small differences between
numerical and experimental results, there is
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good agreement between the simulation
and experimental results which suggest
that the numerical simulations have been
validated by experimental tests.

5 Results and discussion

The CFD models were used to analyse and
discuss different geometrical parameters of
the SABT. This paper presents
investigations of the effects of different
(r/d) and B parameters, by determining the
performance and characteristics of flow of
the SABT. The influence of various water
flow velocities on the performance of a
modified SABT is also examined.

5-1 Variation of arm length to bucket
diameter ratio (r/d).

This section reports results from the
numerical studies on the influence of
several (r/d) values on the performance of
SABTs with a constant turbine radius (R=
470 mm). Table 5.1 shows the five
different (r/d) values for the SABT
numerical simulation.

Table 2: Configurations of buckets and arm in self-
adjusting blades turbine.

Arm Bucket Arm length

Conditions length diameter tq bucket

r (mm) d (mm) diameter

ratio (r/d)
Casel 270 200 1.35
Case?2 260 210 1.24
Case3 250 220 1.14
Case4 240 230 1.04
Case5 235 235 1.00

In Figs. 9(a) and 9(b), the obtained values
for the coefficients of torque and power
versus different TSR for five cases are
shown.

From Fig. 9, it can be seen that the turbine
had the best performance for the (1/d) value
of 1.04, with a maximum power coefficient
value of 0.14 at TSR=0.42.

0.6
—(r/d)=1.35

°
o

— (r/d)=1.24

- - (rd)=1.14

/
74
/1

....... (r/d)=1.04

— —(1/d)=1.00

(=]
~

Torque coefficient (Ct)
o
w

°

0 0.1 0.2 03 0.4 0.5 0.6 0.7

oae —(/d)=135
e — (dd)=124

. ' - = (=114
9;4 e \\. \ ....... (r/d)=1.04

. — —Wd)=1.00

Power coefficient(Cp)
o
2

1] 0.1 0.2 03 ., 04 0.5 0.6 07

(b)
Fig. 9 performance parameters of SABT for
different arm length and bucket diameter ratio (r/d),
a) torque coefficient, b) power coefficient.

The torque and power coefficients grew
while values of (r/d) decreased until they
reached 1.04; afterwards, the reduction in
the (r/d) ratio caused a decrease in the
torque and power coefficients. As the
blades play an important role in turbine
operation and they are exposed to water
flows more than other parts, the above
results occurred because the bucket area
increased with decreasing (r/d), which
means more interaction between the water
flow and buckets occurred and led to an
increase in the resultant force acting on the
blades. In case 5, the value of the
maximum power coefficient decreased due
to the increase in interference effects
between blades and other accessories
which caused the loss of positive drag from
water acting on the concave side of the
advancing blades.

In Fig. 10, the velocity streamlines for the
best condition of the turbine performance
are shown. The flow velocity streamlines
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around the convex side of buckets
increased. The hydrodynamic pressure on
the convex side of the buckets decreased
due to a flow velocity increase that
generated the lifting force which added
power to the turbine. In the case of the
SABT with (1/d) =1.04, the flow velocity
increase on the convex side of the buckets
was greater than in other cases, which led
to an increase in the lifting force
component and increased the resultant
force and performance of the turbine. The
velocity streamlines for the turbine buckets
with extreme values of (r/d) are shown in
Fig. 10(b). It can be seen that the decreased
bucket area led to diminished water
pressure on the concave side of the
advancing blades, which caused the
resultant force and performance to
decrease at (r/d) =1.35.

[ [
(b)

Fig. 10 Velocity stream line of self-adjusting blades
turbine (a) r/d=1.04 (b) r/d=1.35.

5-2 Variation of blade angle

The blade angle (B) is specified as the
angle between the chord of one bucket and
its opposite counterpart, as shown in Fig.
11. The linkages connected a bucket with

its opposite counterpart to adjust B and to
ensure that a bucket moved in a direction
opposite to its counterpart. Hence, a
change in linkage length can change the .
For the conventional SABT constructed by
Behrouzi et al. [43], B was defined as 90°
through the installation of linkages.
Experimental tests indicated that as the
turbine rotated, the advancing blade fully
opened to a maximum effective area at the
same time that its counterpart closed to
reduce the resistance force with a § of 90°,
except at the beginning of each quarter-
revolution at which the full opening of the
blade is delayed. The advancing blades
fully opened at the turbine angle of 30° to
38 for each quarter-revolution reported by
Behrouzi et al. [43]. Hence, we needed to
modify the turbine operation to solve the
abovementioned problem using different 3.
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Fig. 11 Performance parameters of SABT for
different blade angle (), a) torque coefficient, b)
power coefficient.



16

F. Behrouzi et al./ Journal of Simulation and Analysis of Novel Technologies in Mechanical Engineering 17 (2025) 0005~0020

Numerical simulation was conducted on
the SABT turbine with an (r/d) of 1.04
while varying B. The P values studied are
85°, 90°, 95° and 100°. Fig. 11 shows the
variation of torque and power coefficients
for different B. A turbine with a  of 95°
has a higher power coefficient compared to
turbines with other f values of 85°, 90° and
100°, as can be seen in Fig. 11(b). The
maximum power coefficient value for a
turbine with a f of 95° is approximately
0.16 with corresponding A = 0.45. It was

observed that for a B of 95°, at the
beginning of each quarter the advancing
blade fully opened at the turbine angle
lower than 30°, which led to greater water
pressure and increased the torque and
performance of the turbine, while in a
turbine with a blade angle of 100°, the
immediate opening of the advancing blade
caused an increase in negative drag of its
counterpart (returning blade), consequently
reducing the total torque and performance
of this turbine compared to one with a 95°
blade angle. Also, for a turbine with a B of
85°, the full opening of the advancing blade
happened with more delaying compared to
other B values of 90°, 95° and 100°, which
imposed extra suction and circulation
behind the blades and led to a reduction in
turbine performance.

Fig. 12 shows the velocity vector of the
SABT for B of 95°. The SABT with a  of
95¢ captured more water pressure on the
concave side of the advancing blades.

Velocity vector

52

Fig. 12 Velocity vector of self-adjusting blades
turbine for blade angle 95°

The velocity streamlines of the SABT with
a B of 85° are depicted in Fig. 13. There
was more circulation behind the closed
blades of the SABT at the § of 85°, which
caused the turbine performance to decline.

Flow velocity streamiine
- 56710001

42536001

28360001

14196001

I 1.085¢-004 g
ms1] i

) L‘
Fig. 13 Velocity stream line of self-adjusting blades
turbine for blade angle 85°.

5-3 Variation of flow velocity

The influence of different flow velocities
was investigated for a modified SABT with
r/d=1.04, and a B of 95°. Fig. 14 illustrates
the wvariation of torque and power
coefficients for flow speeds of 0.17 m/s,
0.32 m/s and 0.64 m/s.
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Fig. 14 performance parameters of SABT for
different flow velocity, a) torque coefficient, b)
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The coefficients of power and torque
increased as the flow velocity increased
from 0.17 m/s to 0.64 m/s as depicted in
Fig. 14. In this figure, it can be seen that
the TSR range for the maximum power
coefficient lies between 0.4 and 0.5. It is
noteworthy that the inlet flow velocity is a
main factor which can affect turbine
operation and flow characteristics such as
flow separation and boundary layer
formation around the turbine. A flow
velocity increase caused an increase in the
rotational rate of the turbine and delayed
separation around the turbine blades, which
led to negative drag reduction and
increased the resultant force. As a result,
the turbine performance increased with
increasing inflow velocity.

6- Conclusion

In this article, a CFD study was conducted
in order to evaluate the performance of a
novel design of VACT, called a self-

adjusting blade turbine, for ocean flow
applications, especially in remote areas
with low-speed flows. The unsteady RANS
equation, based on finite volume methods
using SIMPLE algorithms with second-
order upwind discretisation and the
k — w 55T turbulence model, was applied

to obtain accurate results. The finest mesh
volume grids were used close to the blades
in order to obtain reliable results. The
numerical results were validated using
experimental data. Furthermore, the torque
and power coefficients of SABTs were
studied using geometric parameters by
varying the arm length to bucket ratios,
blade angles and operating conditions such
as different flow speeds. The detailed
streamlines were analysed and reported.
The results support the conclusions below:
1) This paper showed that the arm

length and blade angle have a strong

effect on turbine performance. The

maximum power coefficient of the

modified SABT was 0.16 with a

corresponding A=045 at a flow
velocity of 0.32 m/s.
2) Among turbine models using

different (r/d) values with a constant
turbine  radius, the
performance occurred in a turbine
with an (r/d) value of 1.04, due to
greater interaction between the
inflow flow and buckets.

3) The operation of the SABT turbine
was modified using a blade angle of
95°, which solved the problem
associated with the full opening of
the advancing blade at the beginning
of each quarter.

maximum

4) Increasing inflow velocity led to
increases in the torque and power
coefficients of the turbine due to
rotational velocity increases and flow
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separation delays around the turbine
blades.
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