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Design and Optimization
of a Ducted Marine Current
Savonius Turbine for Gun-Barrel
Passage, Fiji
Marine current energy is a reliable and clean source of energy. Many marine current tur-
bines have been designed and developed over the years. Placement of an appropriately
designed duct or shroud around the turbine significantly improves the turbine perform-
ance. In the present work, a ducted Savonius turbine (DST) is designed and optimized
and its performance analysis carried out. The components of DSTs are simple and easily
available and can be manufactured in developing countries like Fiji. A scaled-down
model of 1/20 of a DST was fabricated and tested in a water stream at a velocity of
0.6 m/s and the results were used to validate the results from a commercial computational
fluid dynamics (CFD) code ANSYS-CFX. Finally, a full-scale DST was modeled to study the
flow characteristics in the turbine and the performance characteristics. The maximum
efficiency of the turbine is around 50% at the tip speed ratio (TSR) of 3.5 and the maxi-
mum shaft power obtained is 10 kW at the rated speed of 1.15 m/s and around 65 kW at a
freestream velocity of 2.15 m/s. The stress distribution on the ducted turbine was also
obtained. [DOI: 10.1115/1.4041459]

Keywords: marine current energy, Savonius rotor, computational fluid dynamics,
optimization

1 Introduction

The demand for electricity has increased in Fiji over the years
and will continue to increase due to increase in population, indus-
trialization, and increased use of electrical appliances. Fiji Elec-
tricity Authority (FEA), now renamed as Energy Fiji, Ltd. (EFL),
is trying its best to meet the electricity demand for Fiji by produc-
ing electricity using renewable sources. However, FEA faces
many challenges such as 46% increase in customers in 2015 com-
pared to 2000. FEA increased its power production by 75% in
2015 compared to 2000. Yet, in 2015, 52% of electricity demand
was met by burning diesel and heavy fuel oil. Another 48% of
electricity was produced by hydro (44.9%), wind (0.63%), and
independent power producers (2.47%). Also, FEA experienced
below-average rainfall that affected the output from its hydro-
turbines in 2014 and 2015 [1]. The fossil fuel prices have
increased compared to past years and may continue to increase in
future. Another major concern with burning diesel and heavy fuel
oils is emission of greenhouse gases. This causes environmental
problems such as global warming and climate change.

Energy Fiji, Ltd., is not able to meet the electricity needs for
many islands and rural areas of Fiji. In these places, mostly diesel
generators are used for a few hours daily by individual homes for
essential purposes. The constant supply of fossil fuel to these
remote areas involves huge transportation cost. To overcome
these problems, using renewable energy to produce electricity will
be a good solution. Renewable energy resources are clean and sus-
tainable and hence more appropriate for electricity generation.
Many renewable energy resources are available in Fiji, but utiliz-
ing all of these is not feasible. Renewable energy resources that
can be tapped with low capital cost include solar, hydropower,

wind energy, wave energy, and marine current energy. Fiji has
grid connected hydro-power system of capacity 120 MW, grid
connected wind power of 10 MW and small solar power systems.
But, these systems are not able to produce power to its maximum
capacity due to unfavorable climate. For instance, rainy season
lasts for less than 6 months for Fiji, and in 2014, Fiji experienced
less than average rainfall for about 9 months. Challenges for put-
ting up more wind farms include: the average wind speed for Fiji
is between 5 and 6 m/s at a height of 30–40 m above ground level,
and for these locations, wind turbine will not be economical.
Strong winds are experienced in the mountains, but installing
wind turbines at these locations and carrying out maintenance
work on wind turbines in these areas will be very costly. There is
no road access to some of these areas and also cyclone season in
Fiji lasts for 6 months, requiring wind turbines to be brought
down whenever there is a cyclone warning. Therefore, a good
solution is tapping into a combination of different renewable ener-
gies, which is cost effective to get continuous supply from the
electricity grid. One of the promising renewable energy sources is
marine current energy [2–5].

Marine currents are a combination of several ocean currents
such as tidal currents, rip currents, and other ocean currents. At
some of the locations, the combination of these currents results in
very strong water flow in streams and water channels. For these
locations, it is feasible to tap the marine current energy using suit-
able device(s). Many such flow channels and streams exist in
Fiji’s waters. During the recent past, many marine current extrac-
tion devices are designed, developed, and tested. A commonly
studied device is a horizontal axis marine current turbine
(HAMCT); its maximum efficiency is normally between 45% and
48% [6–10]. Many other similar lift-governed devices were
designed, developed, and tested. However, the lift-governed devi-
ces such as HAMCTs perform well under ideal conditions for
which they are designed; but their performance significantly drops
in highly turbulent flows and when blade bio-fouling occurs [11].
Therefore, for a lift-governed device, great care must be taken
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during its operation and the blades need to be cleaned regularly.
Also, the blades need to be well maintained, so that maximum
output is achieved; however, this is very costly. In addition to this,
manufacturing and installing HAMCTs in Fiji will be costly. The
HAMCT has complex blade geometry and also active blade con-
trols will be required to perform well at varying operating condi-
tions. Installation of HAMCT may require mooring of structure to
seabed, and this is a costly exercise. Another major problem with
the lift-governed turbines is the cavitation inception; this also lim-
its the turbines operating conditions and its performance. For any
lift-governed device, the local pressure on the blade’s surface will
significantly drop during its operation to generate enough lift, so
that the blades can produce power. If the local pressure on the
blade’s surface drops below the vapor pressure of water, then cav-
itation will occur. Cavitation adversely affects the turbine’s per-
formance and also causes structural damages to the blade. The
prevention of the occurrence of cavitation is difficult, as the flow
conditions may change due to natural phenomena and makes cavi-
tation inception very difficult to predict.

A drag-driven turbine will be more suitable to overcome these
problems. A simple drag-driven turbine commonly used for wind
power generation is the Savonius rotor. Savonius rotor can also be
used to harness hydrokinetic energy. Although the efficiency of a
Savonius rotor is not comparable to a horizontal axis wind turbine
(HAWT), it has other advantages. Savonius rotor is made up of
simple components, which makes it easier to manufacture at a
lower cost. Savonius rotor can operate at low wind speeds and in
highly turbulent winds. Over the years, many configurations of
Savonius rotors have been designed, tested, and installed to
extract wind energy. Some of the works done in the area of
Savonius rotors are presented in Refs. [12–15]; the Savonius
rotors have efficiencies between 15% and 21%. Some researchers
have done work on improving the performance of Savonius rotor.
Mohamed et al. [16] improved the Savonius rotor performance by
introducing an obstacle before the rotor, which increased the effi-
ciency by 27%. A Savonius rotor was designed by Golecha et al.
[17] to extract kinetic energy from water; their designed rotor has
an efficiency of around 21%. For both the cases (for extracting
kinetic energy from water or air), Savonius rotors will be having
lower manufacturing, installation, and maintenance costs com-
pared to HAMCT and HAWT. However, Savonius rotors are not
widely used because of their lower efficiency—typically half of
HAMCT and HAWT. The efficiency of a Savonius rotor can be
significantly improved by placing a duct or an augmentation
channel around it. Studies have been done on placement of duct
around hydrokinetic turbines and it was found that the turbine
efficiency can be improved by 70%; the results are presented in
Refs. [18–20]. A study was conducted to compare the perform-
ance of the same turbine with and without a duct, a Darrieus tur-
bine without diffuser had a CP between 0.1 and 0.25; when a
diffuser is placed around the same turbine, the CP increased to
0.3–0.45 [20]. Ducted Savonius turbine (DST) to extract marine
current energy is a relatively new concept. The detailed design
and performance analysis of DST for hydro-kinetic energy extrac-
tion has not been published in open literature.

To analyze the hydrodynamic performance of turbines, a com-
putational fluid dynamics (CFD) code ANSYS-CFX is nowadays
widely used—both for research and commercial purposes. Kim
et al. [21] carried out performance analysis of a bidirectional cross
flow turbine designed for tidal current energy generation using
ANSYS-CFX. Shives and Crawford [22] used numerical method to
study the efficiency of ducted turbine for tidal current energy
extraction. McSherry et al. [23], Harrison et al. [24], Lain and
Osorio [25], and Consul et al. [26] implemented a numerical
method to analyze the performance of various underwater tur-
bines. To precisely use the numerical method and to get correct
results, it is required to model the geometry carefully, mesh it pre-
cisely, and input the initial data correctly.

The present study involves experimental and numerical studies
on a ducted Savonius marine current turbine (Savonius rotor

housed inside an augmentation channel) for marine current energy
extraction from narrow, shallow, and turbulent marine current
flow channels, where HAMCT will not be appropriate to install.
The design will be applicable to the Gun-Barrel passage in Fiji,
where a detailed assessment is already performed [9]. Numerical
analysis was carried out using ANSYS-CFX. The numerical results of
scaled down model were validated with experimental results, then
the analysis of full-scale turbine was done. The inlet-to-throat
area ratio and the exit-to-throat area ratio for the duct were opti-
mized; also the convergence angle at the inlet and the divergence
angle at the exit were optimized to achieve high turbine effi-
ciency. Finally, the performance analysis of the full-scale model
of ducted Savonius marine current turbine was carried out using
ANSYS-CFX.

2 Power Available to the Turbine

Marine current industry is still developing with the design of
new energy extracting devices, materials, and operational strat-
egies. There is growing interest in utilizing marine currents for
power generation. Garrett and Cummins [27] carried out a theoret-
ical analysis of a single turbine and an array of turbines in a chan-
nel. It was found that, for a single turbine, the flow through the
turbine will inevitably be less than the freestream flow; hence, an
array of turbines spanning the width of the channel will improve
the output. Kim et al. [21] carried out a CFD analysis of a single
turbine and a number of turbines. They found the power coeffi-
cient can be increased about five times if a number of turbines are
installed in the channel such that the flow is forced to take place
through the turbines.

Li [28] suggested that it is more appropriate to study the total
energy output of a tidal turbine (or a turbine farm) which can be
expressed as follows: energy¼E(P(t), f, T), where E denotes the
function of calculating the total energy output, P denotes the
power output, t denotes instant time, f denotes the electric conver-
sion efficiency, and T denotes the lifetime of the device.

The efficiency of the marine current turbine is defined by the
actual power output of the turbine divided by the power available
in the marine current stream at a particular condition.

e ¼ turbine power output=

available power in the marine current stream

The available power in the marine current streams depends on
the marine current stream geometry and the characteristics of the
flow. The maximum power available can be generated from the
kinetic energy flux of the freestream flow through the turbine’s
projected frontal area, the velocity of which is uniform in space
and constant in time. Theoretically, for such an undisturbed
freestream velocity, available power¼ 0.5qAV1

3, where q is the
density of sea water, A is the cross-sectional area of the channel,
and V1 is the freestream velocity.

The main purpose of using the duct is to augment the flow pass-
ing through the turbine to increase the power output. The more opti-
mal the duct profile is, the higher the turbine power output. For the
duct, the available power is referred to as reference power. Thus, the
available power in the duct, according to Li [28], becomes

Pref ¼
A3 �L1ð ÞU3

1
2 L1 þ L2ð Þ q

ðL2

�L1

1

A2 xð Þ dx

where L1 and L2 denote the location of the ends of the cross sec-
tion of the duct and A(x) is cross-sectional area along the axial
direction. Dividing the power output by Pref, we can obtain the
value Cp.

However, for the present study, the available power in the duct
was obtained using the basic equations for viscous flow, the
Navier–Stokes equations, that are solved by ANSYS-CFX
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where s is the stress tensor and related to the strain rate by
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3 Duct Design Details

The ducted Savonius turbine’s geometrical details and operat-
ing conditions were determined from resource assessment results.
Resource assessment was done at a place called Gun-Barrel pas-
sage; this passage is located at coral coast, Sigatoka on the main
island of Fiji, approximately 150 m from Hideaway resort, Fiji.
The marine current speed and direction were recorded for more
than 6 months using Aquadopp current profiler; it has the
provision to measure and record marine current speed at different
locations along the depth (depth profiling). The average speed of
current at this location during assessment period was around
0.85 m/s and the marine current velocity exceeded 2.5 m/s a num-
ber of times [9]. The average depth at the Gun-Barrel passage is
approximately 17 m, but the actual depth varies between 10 m
and 25 m. There is gradual increase in depth as we move seaward.
The water flow in this passage is very turbulent and this passage is
quite narrow with the width varying from 10 to 12 m.

Figure 1 shows the schematic diagram of the ducted Savonius
turbine. The main components of a DST are a duct (augmented
channel) having a nozzle at the exit, a guide section to guide the
water flow to the turbine and a diffuser; the most important com-
ponent is the “Savonius rotor,” which converts kinetic energy to

mechanical energy (usable shaft power). Finally, a generator con-
verts shaft power to electrical power. Since the width of the gun
barrel passage is 10–12 m, the inlet of the duct is selected as
5 m� 5 m, just enough to allow maximum water to enter the duct
without affecting the flow conditions.

The inlet-to-throat and the exit-to-throat area ratios, as well as
the converging-diverging angles at the inlet and at the outlet
(shown in Fig. 1) were optimized. This is to maximize the power
and to reduce the material required, and hence to achieve a perfect
balance between the power output and the material cost. Three
blades were selected for Savonius rotor, generally three-bladed
rotors spin smoothly with minimum vibrations compared to 1 and
2 blades. Although one and two-bladed rotors will have less man-
ufacturing cost, 3-bladed rotors produces significantly high power
that could not be compensated with manufacturing cost, when
number of years of operation is considered. The marine current
speed was 1.15 m/s for a considerable part of the day for recorded
period, therefore rated speed of the turbine was selected to be
1.15 m/s. The cut-in and the cut-off speeds are selected to be
0.5 m/s and 3 m/s, respectively. Fiji does not have advanced man-
ufacturing systems; therefore, the turbine component is kept sim-
ple, easy to be manufactured in-house at a low manufacturing
cost. The Savonius rotor is much easier to manufacture than a hor-
izontal axis turbine. The added advantage of DST is that it can be
installed in lower water depths, since it does not require bottom
and top clearance distances compared to HAMCT. Lower water
depths are common at most of the potential marine current loca-
tions in Fiji. Also, installing DST in marine streams with highly
turbulent flows does not have any significant effect on power out-
put, but good structural analysis is required to predict the sustain-
ability of the structure under these flow conditions. It is not
required to frequently clean and maintain DST blades when com-
pared to lift-governed marine current turbines, because blade foul-
ing will have very little effect on turbine performance. DST will
continue to produce power in most environmental conditions as
long as it is operating. For the locations with low water depths,
the generator can be placed above the water level by simply
extending the rotor shaft above sea level, for easy and regular gen-
erator maintenance work. The inlet will be inclined and screens
can be placed, so that no extraneous material can go inside the
duct and strike the turbine blades; anything caught at the inlet will
slowly go above the incline and meshed screen and pass above the
duct.

4 Computational Modeling and Optimization of

Ducted Savonius Turbine

Figure 2 shows the geometric details of the augmentation chan-
nel. The ratio of inlet area (A1) to throttle area (A2), and angle (a)
were optimized to improve the efficiency of DST and to minimize
the material required for the construction of the duct.

The area ratio (A1/A2) was varied from 2 to 10 and the nozzle
and the diffuser angle (a) was varied from 7 deg to 30 deg; for
each case CFD simulations were done at water inlet velocities of
0.5 m/s, 1.15 m/s, and 2.15 m/s. From the results, it was foundFig. 1 A ducted Savonius turbine

Fig. 2 Geometric details of augmentation channel (dimensions in mm)
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that kinetic energy is reasonably higher with the area ratio
between 3 and 7 and a between 10 deg and 17 deg. The simula-
tions were carried out with the turbine incorporated inside the
duct with different area ratios between 3 and 7 and a between
10 deg and 17 deg. The results showed the best area ratio and the
angle a will be 5 deg and 15 deg, respectively, as shown in Table
1. There is a small increase in power after 15 deg and area ratio of
5; however, increasing the area ratio and angle any further will
significantly increase the material required for the duct, therefore
the optimum angle of 15 deg and area ratio of 5 were chosen. The
guide vane radii of the duct located at the inlet and at the exit of
the turbine were also varied to ensure that a smooth and less
turbulent flow takes place through the duct.

UniGraphics (CAD modeling and design) package was used for
modeling geometrical details of the duct, with all the dimensions
and details as shown in Fig. 2. For the turbine, a 3-bladed Savo-
nius rotor was used; it has a blade length of 1.5 m and diameter of
1.5 m. The rotor size provides enough clearance for minimum
flow losses around the blade. The blade angle was optimized; sim-
ulations were run for blade angle between 30 deg and 60 deg, at
velocities from 0.2 m/s to 2.15 m/s and 45 deg angle proved to be
the best at different inlet velocities.

Grids were generated using ICEM CFD, the domain was discretized
with hexahedral grids. A user defined hexahedral grid was used for
meshing the Savonius rotor. Figure 3 shows grid generation and fine
meshing for the turbine. Commercial CFD code ANSYS-CFX was used
to simulate turbine operation and analyze the results. ANSYS-CFX sol-
ves sets of unsteady Navier–Stokes equations in their conservation
forms. The shear stress transport turbulence model and transient
simulation were chosen to capture the rotor–fluid interaction more
accurately. Grid independence test was performed in the beginning
to ensure that accurate results are obtained.

As shown in Fig. 4, the main domain was subdivided into
subdomains and named as: the inlet, nozzle, diffuser, outlet, and
turbine; each of the domains was precisely defined. The inlet, noz-
zle, diffuser and outlet were specified to be stationary. Specific
rotational speed was specified for the turbine to freely rotate about
its axis. Different freestream velocities were assigned to the inlet
of the turbine as mentioned earlier; exit was specified with an
outlet boundary condition with relative pressure set to 0 Pa, indi-
cating water being discharge to the atmospheric pressure. All the
walls of the duct were assigned as “solid walls” with no-slip

boundary condition. Finally, appropriate interface regions were
created and automatic method of mesh connection was used.

Same boundary conditions were specified for the scaled down
model to compare the experimental and numerical results. High-
resolution advection scheme and high resolution turbulence
numeric were selected. The maximum coefficient loop was set to
10; convergence control and torque were monitored. Torque was
determined for each time-step and the simulation continued until
torque converged. Numerical results obtained from scaled down
model were validated with the experimental results to see the
accuracy of the meshing and simulation.

5 Experimental Work and Computational Fluid

Dynamics Validation

The scaled down model of the duct was fabricated using
Perspex and scaled down model of Savonius rotor fabricated using
aluminum sheets. Experiments were conducted in an open water
channel of at two different water velocities. Figure 5 shows the
fabricated model of a ducted Savonius turbine of dimensions as
follows—the duct inlet area was 0.25 m� 0.25 m and the length
was 1.2 m, and the Savonius rotor had the diameter of 0.156 m.

Four pitot static tubes were placed along the duct—two at the
inlet and exit, one before the turbine and one after the turbine.
Experiments were conducted with fabricated model ducted turbine
in natural water channel, which is 0.8 m� 0.8 m wide and 3 m
long. The freestream water velocity in the channel was measured
using an FP111 flow probe from Global Water (College Station,
TX); the flow probe gives accurate water velocity readings. The
natural water channel runs to nearby coast; it has constant velocity
in unidirection. The model ducted Savonius turbine was carefully
placed in the channel, at the freestream velocity of 0.6 m/s. A TEC-
2K, 2 kgf m torque sensor and rpm sensor were used to determine
the rpm and torque of the rotating shaft; readings were taken at five
different rotational speeds. The experimental results were com-
pared with numerical results at 9, 12, 15, 18, and 21 rpm.

Figure 6 shows the velocity vectors in the XY plane for the
model duct (without the turbine) at an inlet velocity of 0.2 m/s.
The figure shows an increase in flow velocity from inlet to nozzle.
There is significant increase in velocity at region marked “A” in
the figure, as the water enters through the turbine housing. The
forced flow entering from turbine housing causes recirculating
flow in the region marked B, as shown in the figure. Large vortex
flow is observed at the region marked C, water flows from housing
toward diffuser at this section.

For the experimental model, the velocities were recorded and
averaged from points 1 to 4 as shown in Fig. 7 for inlet velocities
of 0.2 m/s and 0.6 m/s. Point 1 is located at the inlet of the duct
and point 2 is located just before the turbine. The flow velocity
increases as it passes from duct inlet to throat, due to the fact as
the area decreases the velocity increases. Same trend is seen for
both the cases, with and without the turbine inside the duct. For
point 3 which just after the turbine, the CFD values are slightly
higher compared to experiment results, the water flowing through
the turbine to the diffuser is forced further toward the bottom of
the diffuser, which results in some flow acceleration in this region.
Point 4 is at the duct outlet and for this point experimental CFD
results agree for the case without turbine, but for the case with the

Table 1 Power at difference angles (divergence/convergence)
and area ratios at an inlet velocity of 2.15 m/s and TSR of 3.5

Angle (deg) Power (W) Area ratio Power (W)

10 62104.21 3 62122.32
13 62131.32 4 62289.15
15 62143.12 5 63413.46
16 62145.89 6 63446.32
17 62146.23 7 63453.23

Fig. 3 Meshed Savonius rotor

Fig. 4 Computational domain
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turbine the CFD results are slightly higher. For both the points 3
and 4 the CFD results are slightly over-predicted, this is mainly
due to formation of unsteady vortexes resulting in velocity fluctu-
ations when turbine rotates.

The power coefficient was obtained from both experimentation
and numerical work and its variation with TSR is shown in Fig. 8.
The results are computed at five different low rotational speeds
and at a freestream velocity of 0.6 m/s. Torque values obtained
from CFD are slightly over-predicted, the CFD power coefficient
values are about 5% higher compared to experimental values.
However, there is still good agreement between experimental and
CFD results; therefore, performance of the full size DST was ana-
lyzed using ANSYS-CFX.

6 Flow Characteristics

The flow characteristics through the ducted Savonius turbine
were studied in detail. As the water passes through nozzle, flow
accelerates as area ration reduces. The diffusor further increases
the kinetic energy at the turbine. For any turbine to extract maxi-
mum energy, the study of flow characteristic around the turbine is
very important. Experimental result shows that the velocity at the
inlet of the turbine reduces by 20% when turbine is placed in an
open channel. Figure 9 shows velocity vectors around the cross
flow turbine as the flow takes place along the ducted cross flow
turbine.

Figure 9(a) shows that the turbine inlet is fully open for the
flow to strike the rotating blade 1. As a result, the flow at the tur-
bine exit is smooth for this case. The transfer of momentum from
the water to blade 1 is near maximum, hence high torque is

Fig. 6 Velocity vectors in XY plane for model without turbine

Fig. 7 Comparison of CFD and experimental results

Fig. 8 Power coefficient obtained experimentally and
computationally

Fig. 5 Fabricated model of DST
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obtained. The state of stresses for individual blades will be differ-
ent since the velocity at which the flow strikes the individual
blades is quite different. The velocities at the tip of the blades are
significantly high; this is because the flow is forced over the
blades due to the clearance of 3 mm between the turbine casing
and the blade tip.

Figure 9(b) shows the velocity vectors for the case when blade 3
is at the middle of turbine inlet. At this position, the blade divides
the flow to impact blades 1 and 2; the flow that strikes blade 2
creates negative torque and hence overall torque reduces. The
velocity at the exit of the turbine casing for Fig. 9(b) is lower
compared to Fig. 9(a); this may also lead to fluctuations in torque.
The torque fluctuates within an acceptable range when blade posi-
tions change.

7 Performance Analysis of Full-Sized Turbine

ANSYS-CFX was used to analyze the performance of the full sized
DST. Detailed reviews by Akwa et al. [29] and Kumar and Saini
[30] on Savonius type wind and hydro-kinetic turbines showed
that the effect of Reynolds number is significant only at low Reyn-
olds numbers when flow separation takes place. It was reported by
Mason-Jones et al. [31] that for Reynolds numbers in excess of
5� 105, the nondimensional characteristics, including the power
coefficient, are independent of the Reynolds number for a given
horizontal axis turbine. For the present model, the Reynolds num-
ber at the inlet to the turbine was about 7� 105 and it can clearly
be seen from Fig. 9 that the flow remains attached to the blade sur-
face. The parameter that must be accounted for in model testing is
the blockage factor; however, since the scaled-down model in the
present work was tested in an open stream, there was no blockage
effect. Multiple simulations were performed and results were
obtained for various tip speed ratio (TSR) and inlet velocities.

Torque values obtained from computations were averaged for
each case. Figure 10 shows the coefficient of power at different
tip speed ratios and different inlet velocities. The results show that
the DST has a maximum theoretical efficiency of 53% at rated
water speed of 1.15 m/s. At the cut-in speed of 0.5 m/s, the DST
has a theoretical efficiency of about 52%, and at 2.15 m/s, the
DST has a theoretical efficiency of around 50%. Ducted Savonius
turbine has significantly higher coefficient of power at TSR
between 3 and 4; thus operating the turbine at these TSR will
result is extracting maximum power. Li [28] developed a new
way to calculate the Cp of ducted turbines based on the space that
the turbine occupies. He concluded that the new definition of Cp is
more appropriate for a ducted turbine.

Figure 11 presents the power at different freestream velocities
from computational results. The theoretical rated power of the
DST is around 10 kW at the freestream velocity of 1.15 m/s. The
DST produces 0.83 kW of theoretical power at 0.5 m/s and about
63.4 kW at 2.15 m/s. The turbine starts producing power at
0.5 m/s; this is the cut-in speed of DST, which is reasonably low
compared to other marine current turbines designed. The numeri-
cal and experimental analysis proved that turbine efficiency can
be improved by placing the duct around the Savonius turbine; the
duct significantly reduces the pressure at the back of the turbine.
The power output can be increased considerably by placing more
than one turbine so that more flow takes place over the turbine
blades, as reported by Li and Calisal [32] and Kim et al. [21]. In
the present case, the study as well as design is limited to one
stand-alone turbine because of the smaller channel size at the gun-
barrel passage.

Figure 12 shows the variation of the torque coefficient against
TSR for different freestream velocities. The toque fluctuates
within 5% range as the position of the blades change. The torque
was averaged for the particular rpm after the convergence of
iterations. The coefficient of torque is significantly high for

Fig. 9 Velocity vectors in the rotor at two different blade positions

Fig. 10 Turbine performance at different TSR and freestream
velocities Fig. 11 Maximum power at different freestream velocities
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U¼ 0.5 m/s, at this freestream velocity, the rpm is relatively low
compared to U¼ 1.15 m/s and 2.15 m/s. The torque significantly
increases for the freestream velocity of 2.15 m/s, hence induces
greater stress on structure; great care is required for turbine oper-
ating at higher rpm and higher freestream velocities.

8 Structural Analysis

Structural analysis of the final model was performed using
SolidWorks package to ensure the structural stability of the under-
water turbine at the maximum loading condition. A total of three
different categories of loading conditions were applied to the
structure. The first load is the pressure corresponding to a depth of
20–25 m. A maximum pressure of 250 kPa was applied to the top
and the sides of the structure. The second loading condition is the
application of thrust force on the shaft having the direction as that
of the fluid flow. A maximum thrust force of 28 kN was applied.
The final loading condition was the application of torque to the
individual blades. Maximum thrust load of 6 kN m was applied to
the three bladed configuration. The curvature-based mesh analysis
was used. This mesh type is chosen since it is able to cater for
round and curved design parameters. The node value assigned in
all the mesh analysis was 20 mm. This mesh value ensured that
the all the simulation results give the correct values. A minimum
factor of safety of two was achieved at stress concentration areas;
von Mises stress criterion was used to calculate the factor of
safety. The stress distribution on the ducted turbine is shown in
Fig. 13.

9 Conclusions

A DST that can operate at lower marine current velocities and
also at low water depths was successfully designed and a detailed
performance analysis was also carried out. The results and analy-
sis proved that the performance of the Savonius rotor will improve
if appropriately designed duct is placed around the rotor. Current
studies show that the DST can achieve maximum efficiency of up
to 53% at a TSR of 3.5, and corresponding maximum power of
65 kW can be obtained at 2.15 m/s. The DST can be easily manu-
factured with low cost and it will also have low maintenance cost.
Such turbine is appropriate for countries like Fiji to generate elec-
tricity and feed into the grid. Future work that is being carried out
at the moment includes structural analysis of the DST, manufac-
turing process and cost analysis of the turbine being manufactured
in Fiji. Stress analysis of the ducted turbine showed that a mini-
mum factor of safety of two was achieved at stress concentration
areas.

Nomenclature

CP ¼ power coefficient¼P/(0.5qAU3)
P ¼ rotor shaft power (W)
T ¼ rotor torque (N�m)
U ¼ freestream velocity (m/s)
a ¼ divergence angle (deg)
X ¼ angular velocity of rotor (rad/s)
q ¼ sea water density (1020 kg/m3)
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