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Abstract

Our world has been relying on fossil fuel, non-renewable energy, that is
depleting day by day and negatively impacting the environment. Hydropower
is known to contribute a significant portion of the renewable power
production. Dams have been the most common technique to generate
hydropower. However, such a scheme was not able to support the rural areas
as it requires large areas and a huge amount of water resource. Savonius
hydrokinetic turbine (HKT) has been suggested as the device for a small-scale
application as it can generate power from low-velocity river flow with less
installation cost. With that, the aim of this study is designed to investigate and
compare the performance of the single-staged and two-staged HKT for river
flow. This study considered numerical simulation that includes modeling,
testing, and analyzing the data. Then, comparing it with the existing literature
results, to identify the solution. This investigation demonstrates an
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improvement of 8.1% in the efficiency of power coefficient when compared
with single-staged HKT.
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1 Introduction

Renewable Energy is derived from natural resources that are constantly replenished, and it is supplied
on human timescales. This energy is usually utilized in areas such as power generation, transportation,
heating, etc. Renewable energy sources are gaining interest as they are less expensive and readily
available [1]. Besides, it can provide better health for the community, since the reduction of fossil fuels
consumption is expected to improve the global warming and climate change scenario. Furthermore, the
generation of energy from renewables produces no greenhouses gas (GHG) emissions and helps to
reduce air pollution. It has been recorded that the global emissions of GHG rose about 1.7% in 2018 to
a record of more than 33 billion tonnes, as energy demand grew by 2.3% [2].

The most common types of renewable energy sources include solar, wind, biomass, hydro, and
geothermal. Of all these energy sources, hydropower is reported to be the most preferable due to distinct
advantages such as high power density and predictability [3]. Hydropower plants can be classified into
conventional and unconventional systems. The conventional system is based on extracting the potential
energy of falling water and converting it to electricity. It requires huge structures such as dams or
reservoirs that are constructed at a higher ground level to facilitate water storage. However, reports have
mentioned that the major disadvantage of this system is the irreversible damage it causes to the
environment as well as the disruption to the ecosystem of aquatic life [4]. Besides, it has a limitation
that it is unable to extract energy from ocean currents or low-velocity stream flows [5].
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The unconventional system refers to the hydrokinetic turbine (HKT). In general, HKTs do not
require any large amount of water storage like in the case of dams. The kinetic energy from the free-
flowing streams such as rivers or oceans is converted into electricity through the rotation of the HKT
blades [6]. Basically, there are two categories of HKTs that differ in orientation with regards to
incoming flow i.e., the horizontal axis HKT and vertical axis HKT. Amongst the various designs of
HKTs, the Savoniusturbine has been reported to be able to initiate self-starting and generate high torque
at relatively low flow speeds [7]. Hence, the Savonius turbine has been focused herein for this study.
The Savonius turbine was originally invented by Finish engineer Sigurd J. Savonius in 1920 for wind
energy applications. It is a drag-based energy conversion device and its blades resemble the shape of
the letter “S” as shown in Fig. 1 [8].
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Fig. 1 Top view of conventional Savonius rotor [9]

Compared to the convex, the concave surface results in a higher drag coefficient which facilitates
the rotation of the turbine. The high-strength blades give a greater starting torque to the turbine
compared with low-solidity blades at the same force applied from the river [10]. A power curve is
normally used to rate the HKT operation, which is represented in terms of the power coefficient (Cp) as
a function of tip-speed ratio (TSR). The Betz limits of 0.539, which represents the maximum Cp of any
HKT can reach when the HKT operates in an unconstrained flow [11]. Fig. 2 shows the power curves
for different types of turbines [12]. To summarize, the vertical-axis HKT systems perform better at
lower TSR or low-velocity flows that are typically less than 1.0 m/s with shallow depths. However, the
vertical-axis HKTs have lower power harnessing efficiency compared to the horizontal ones.
Nevertheless, the allowable reduction in size for the vertical axis HKTs owing to the possible extension
along the width of the channel allows them to be installed in small areas such as shallow river flows.
Even though Savonius hydrokinetic turbine (SHT) is considered useful, it is not as commercially
acknowledged as the other types of HKTs. Yet, numerous researchers have claimed it to be an
appropriate option for power generation from low-velocity river flows [7].

2 Techniques of improving the Savonius Hydrokinetic Turbine performances

As mentioned earlier, the performance of Savonius turbine is not as efficient as the other types. This
leaves an ample room for performance improvement which can be achieved through modifications in
its structural design. Over the years, several different techniques have been studied to improve the
performance of the Savonius turbine [14]. In this study, we adopt a combination of two techniques i.e.,
multi-staged rotor arrangement and blade profile modification. The multi-staged assembly of the
Savonius turbine involves placing the rotors one over another on a common central shaft and separated
by an endplate. The rotors may have a phase angle orientation of either 0°, 90°, or 120° depending upon
the selected arrangement as shown in Fig. 3 [15].

The two-stage and three-stage arrangements have been the most commonly studied techniques in
the available literature on multi-staged Savonius turbine. An experimental study was carried out by
Nakajimaet al. [16] for the multi-staged HKT. The results revealed that the Cp value of Savonius turbine
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enhanced by 10% with the use of the two-staged configuration having a 90° phase difference between
the blades. In another study conducted by Khan et al. [17], the authors found that the two-staged turbine
provides better performances compared to the single and triple-staged. The maximum C, value for
single, two, and triple-staged Savonius HKT were reported to be 0.038, 0.049, and 0.040, respectively.
Table 1 summarizes the optimization studies by researchers on multi-staged Savonius HKTs and their
respective findings.
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Fig. 2 Betz limits graph [13]
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Fig. 3 Multi-staged Savonius Hydrokinetic Turbine [15]

The blade profile modification involves altering the semi-circular blade shape of the conventional
Savonius turbine in order to amplify the drag force exerted by the fluid on the concave surface facing
the flow [25]. At the same time, emphasis is also given on decreasing the drag effect on the convex
surface of the returning blade. The blade profile selected for the present study is a modified Bach blade
profile which is selected on the basis of a recent investigation by Roy and Saha [26]. This type of Bach
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blade design iscomposed by a straight line with an arc, as shown in Fig. 4. Roy and Saha tested different
types of blade profiles which included the conventional semi-circular blades, semi-elliptic blades,
Benesh type blades and the modified Bach profile. Based on their findings, the modified Bach profile
recorded a Cpmax 0f 0.30 which was relatively greater than the other three aforementioned blade designs.
The authors concluded that the modified Bach blade is able to demonstrate an improvement not only in
terms of power coefficient, but also the torque coefficients and aerodynamic characteristics were better

as compared to the conventional SHT.

Table 1 Two stage as the optimization of the Savonius hydrokinetic turbine studies

Types of
Energy

Title

A two-step Savonius rotor for local production of
electricity: a design study [18]

Optimum design configuration of Savonius rotor
through wind tunnel experiments [19]

Wind

Wind

Performance of Savonius Rotor as a Water Current
Turbine [17]

Influence of the deflector plate on the performance of
modified Savonius water turbine (90° phase with
deflector plate) [20]

Experimental Studies on Savonius-type Vertical Axis
Turbine for Low Marine Current Velocity [21]

Performance Measurement of a two-staged two-bladed
Savonius Rotor [22]

Numerical and experimental characterization of multi-
stage Savonius rotors [23]

Water

Water

Water

Numerical and experimental study of a helical Savonius
wind turbine and a comparison with a two-stage
Savonius turbine [24]

S i

Findings

The two-staged prototype delivered
max power output of 120W

Experimental maximum power
coefficient (Cpmax) for two-staged
rotor was 0.21

Experimental Cymax Obtained was
0.049

Experimental Cpmax 0f 0.17 at a TSR
of 0.83

Experimental Cymax = 0.14

Experimental Cpmax = 0.438 at a TSR
= 0.698

Experimental & numerical Cpmax
achieved = 0.081

The two-staged HKT achieved an
experimental Cpmax Of 0.128 at TSR =
0.655

D- Outer dia. of the
turbine

d- Chord length of
the blades

Fig. 4 Modified Bach Blade Profile [26]
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3 Methodology

The Savonius models used for the study are designed using the ANSYS Modeler software. The models
are then processed into the Flow-3D software for the 3D simulation work. For any CFD study, it is
extremely important to achieve validation with experimental results in order to demonstrate reliability of
the obtained results. For the validation purposes, the simulation results were compared with the findings
from Roy & Saha [26] for the parameters such as power coefficient (Cp) and torque coefficient (Ct). The
referred study involves testing at different values of Reynolds number (Re). For the purpose of validation,
the single-staged Savonius turbine with modified Bach type blades has been simulated at an Re value of
1.5 x 10° and the obtained results are compared with the experimental findings of Roy and Saha. The
validated results are then followed up with modelling of two-staged Savonius HKT with modified Bach
type blades. The simulations are repeated with Flow-3D software, and the results are analyzed and
compared.

3.1 Geometric parameters

The two different models- single-staged modified Bach and two-staged modified Bach as modeled in
the Design Modeler software are shown in Fig. 5. Since the validation part of this study is based on the
experimental results of Roy and Saha, similar value of aspect ratio equal to 1, has been maintained for
the designed models. The aspect ratio is defined as the overall diameter (D) to the total height (H). To
arrive at the optimum performance, it is necessary to control this parameter. For achieving an aspect
ratio of 1, a same value of 191 mm is specified for both D as well as H.

The end plate is used at the top and bottom of the blades with a thickness of 4 mm and the internal
blade diameter (Do) is 174 mm for both the simulated models. In case of two-staged model, the height
for every stage (hs) is calculated to be 95.5 mm. Furthermore, based on the results reported from number
of studies in the literature, a phase difference of 90° is adopted between both the stages of the two-
staged modified Bach turbine [27-29].

i
| H=191
mm
v v
Single-staged modified Two-staged modified
Bach model Bach model

Fig. 5 Single-staged and two-staged modified Bach models used for the study
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3.2 Computational domain

A 3D computational domain with the HKT model is created using the Flow-3D software. Two different
zones namely- stationary and rotating are modeled. The stationary zone is characterized with a length
of 2 m, width of 0.89 m and height of 1.4 m. The rotating zone is created as an enclosure around the
turbine with fine mesh in order to capture the resulting forces and flow behavior around the turbine
accurately. The length, width, and height for the rotating zone is specified with a value of 0.191 m each
which is similar as the height and diameter of the overall turbine structure. The distance between the
upstream boundary of the domain and the turbine centre is maintained at 2 times the diameter (2D) of
the turbine. Similarly, a distance of 8D is allowed between the turbine and the downstream outlet
boundary. The top and bottom boundaries of the domain are 3.5D apart from the turbine centre.
Furthermore, the side boundaries measure 2.25D from the centre of the domain. These dimensions have
been selected such that the resulting coefficients are not influenced by the effect of surrounding
boundaries. To achieve the same, the specified dimensions for the turbine domain have been arrived
upon after referring the HKT simulation studies from the published literature [30-32].

3.3 Boundary condition

The boundary conditions prescribed for the created computational domain are shown in Fig. 6. For the
outer stationary zone, a velocity inlet (V) is provided at the upstream of the turbine and an inlet velocity
value of 0.86 m/s which corresponds with the Re value of 1.5 x 10° is specified. The flow is then
designed to interact with the turbine before it flows to the outlet boundary (O). The outlet boundary
facilitates smooth exit of the flow from the computational domain in a single direction thus avoiding
backflow. To improve the stability of the simulations, symmetrical (S) boundary conditions are applied
along the top and side boundaries of the stationary domain [33]. In symmetry conditions, the reflected
flow after interaction with the moving turbine blades will have no influence on the resulting forces.
Besides, it is assumed that the turbine operates at a proper depth such that it has no effect on the free

surface of the flow.

m

Fig. 6 Schematic diagram of boundary condition

For the smaller enclosure around the turbine, symmetry conditions are prescribed for each of the
walls to facilitate easy transition of flow from the stationary domain to the rotating domain. Furthermore,
the symmetry condition will eliminate the discrepancies occurring in the resulting forces as well as flow
behavior in the extremely turbulent flow around close vicinity of the turbine [34].
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4 Validation and simulation

Two validation studies have been performed prior to the generation of final results regarding
performance assessment of the two-staged modified Bach HKT. The first validation study is the mesh
density analysis which is carried out to determine the optimal mesh size for the simulations.
Determining the ideal value of mesh cells is very important to obtain a balance between accuracy as
well as computational time. It is a well-acknowledged fact in the CFD industry that finer the mesh is,
the more accurate will be the results. However, a downside that revolves around a more finer mesh than
that required is the extensive computational time for running the entire simulation [35]. Hence, through
the mesh density analysis, a good enough mesh cell size can be achieved that can provide acceptable
results within a reasonable amount of time. To conduct the mesh density analysis, various sizes of mesh
cells for both bigger and smaller domain are tested corresponding to different refinement levels. Each
refinement level is then simulated for the flow velocity of 0,.86 m/s. The torque coefficient (Ct) is the
parameter measured at the end of each simulation. The variations in the value of Ct are observed and
the optimal value of mesh cell size for both the domains is selected when the variations in Ct become
quite meagre or negligible.

The second validation study is conducted on the single-staged modified Bach HKT and the obtained
results are compared with the experimental values of Roy and Saha. The validation of the designed 3D
model is crucial for achieving reliability for the further study that involves comparison of single-staged
and two-staged design. In addition, this validation will also provide benchmark measurements of the
single-staged turbine for the comparison. The standard k — ¢ turbulence model is employed for the
simulation as it is superior to other available models in Flow-3D. It can be used to solve problems
involving fluid flow in the vicinity of complex geometrical structures [36]. The standard k — e turbulence
model uses wall functions based on the law of the wall to resolve the complex forces and flow
interaction at sharp corners, straight and curved edges, such as those of the turbine blades [37]. The tip-
speed ratio (TSR) is varied over a range of values from 0.158 to 1.145 and the performance parameters
such as Ctand Cp are measured over the entire range of TSR.

After achieving the optimal mesh cell size and validation of the modeled geometry, the simulations
are conducted for the two-staged modified Bach turbine for the Re of 1.5 x 105. The performance
assessment parameters such as Ct, Cts and Cp are mainly focused during the study. Based on the results,
comparisons are drawn between the single-staged and two-stage HKT. Also, to study the behavior of
fluid pressure on the surface of the blades, pressure contours for both the turbine structures are studied.

5 Results and Discussion

5.1 Validation results

For the mesh density analysis, the cell size for the larger mesh block is varied from the highest value of
18 mm to the lowest value of 9 mm. Similarly for the smaller enclosure mesh block, the size varies
from 8 mm to 2 mm as the highest and lowest values, respectively. As the nested mesh block method
is used for meshing, it is important that the boundaries of smaller mesh block coincide with the corners
of the mesh cells in the larger mesh block. In the given Fig. 7, we can clearly see that the corners of
smaller mesh block coinciding with the cells of larger block and the same is maintained at each of the
corners of the smaller 3D mesh domain.

Table 2 shows the finding of the mesh density analysis. It can be observed that the value of C:
changes with the increasing refinement levels or the decreasing mesh cell sizes in both mesh blocks. A
notable difference can be observed between the Ct values of the first five refinement levels. After
refinement level 5, a negligible difference was achieved in the results. Here, it can said that the further
decrease in mesh size has no influence on the output parameter and a level of stability has been achieved.
Further decreasing the mesh cell size makes no difference to the result but only increases the simulation
time for the solver. Hence, the refinement level 5 where the mesh cell size for bigger and smaller mesh
block is 10 mm and 3 mm, respectively, is ideal for carrying out the simulation for the remainder of the
study. The chosen mesh domain has a total number of mesh cells equaling 2.43 x 10°.

For the second part of validation, the results obtained for the single-stage modified Bach HKT have
been compared with the published experimental results of Roy & Saha [26]. The comparison between
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the present simulation data and published experimental results is shown in Fig. 8 and 9. Fig. 8 shows
the comparison for the parameter of Ci. Meanwhile, Fig. 9 illustrates the trend between the experimental
and CFD results for Cp. Roy and Saha had achieved a peak Cp value of 0.280 at the TSR of 0.767. For
the CFD results as well, a maximum Cp value of 0.298 occurs at the same TSR of 0.767. Among the
different values achieved for C: over the range of varied TSR, the one which corresponds with the TSR
where the Cp value is maximum is considered to be the most important. The C: value achieved during
the experiments at the TSR of 0.767 was 0.364. Whereas from the CFD results, a value of 0.385 was
achieved at the TSR of 0.767. It can be observed that, the simulated results demonstrated a similar trend
and magnitude like the published results. Henceforth, the adopted methodology can be considered as
reliable and acceptable to proceed with the further testing of the two-staged modified Bach turbine.

Larger mesh H
block with >
coarse mesh H
cells

Finer mesh boundary
coinciding with coarser
mesh gridline
(at all the four corners)

—— Smaller mesh
block with finer
mesh cells

wwwww

Fig. 7 Mesh block size

Table 2 Mesh density analysis finding

Mesh cell size
No. of mesh cells Bigger mesh block

Refinement
level

Smaller mesh block

(mm) (mm)

4.08x10° 18 8

6.75x10° 15 7 0.38
1.10x10° 13 55 0.44
1.17x10° 13 4 0.39
2.43x10° 10 3 0.43
2.62x10° 10 25 0.43
3.97x10° 9 2 0.42
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Fig. 9 Graph of Cp experimental and CFD

5.2 Comparison of the single-staged and two-staged modified Bach HKT

After validation and completion of simulations for the single-staged HKT, the two-staged modified
Bach HKT is studied. Fig. 10 and 11 shows the performance comparison of C: and Cp between the
single-staged and two-staged HKT, respectively, for the TSR intervals from 0.158-1.145. The value of
C: for single-staged HKT is highest at the lowest TSR and can be observed to decrease gradually
decrease until it reaches the TSR value of 1.145. The peak C: of 0.627 is recorded for the single-staged
HKT at the TSR of 0.158. The C: for two-staged HKT shows a similar trend where it decreases with the
increment in TSR. However, a slight increase at 0.503 TSR is measured after which the C: value
continues to descend. For the two-staged HKT, the maximum Ct recorded is 0.551 at the TSR of 0.627.

Meanwhile, it is observed that the Cp for both the HKTs is lowest at the TSR of 0.158. Arise in the
Cp is evident with the increasing TSR value and reaches a maximum point at the TSR of 0.767. After
reaching the peak value, a further downward trend is visible. Overall, the calculated values show a
similar bell curve trend in case of both the HKTs. As compared to the maximum Cp of 0.298 recorded
for the single-staged HKT, a value of 0.322 is measured for the two-staged modified Bach HKT. This
demonstrates that the increment in the number of stage results in an improvement in the efficiency value
by 8%. Similarly, a relatively greater C: by 9% is achieved for the two-staged modified Bach turbine.

The variations in static torque coefficient (Cs) for both the single and two-staged modified Bach
HKT can be observed in Fig. 12. The Cis values are calculated by fixing the HKTs at a static angular
position and allowing the fluid flow through the turbines. To determine the point at which the maximum
Cts occurs is very crucial to identify the ideal starting angle of an HKT which will eventually improve
its starting performance.
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Fig. 12 Static torque for single stage and two stages

At 0° angle, the two-staged HKT is noticed to have a higher torque than the single-staged. Two
peaks in the trend occur for both the turbines. For the single-staged HKT, the peaks occur at 40° and
220°, whereas for the two-staged turbine, the peaks occur at 60° and 240°. The maximum Cs achieved
for the single staged HKT over the entire rotation is 0.464 which occurs at both the peak points. For
two-staged HKT, the maximum value is 0.548. It can be noticed that the trend is repeated over the
range of 0° to 180° since the turbine returns to the same angular position after the 180° rotation. The
lowest value for the two-staged modified Bach HKT occurs at 0°, 180° and 360°. This can be understood
since at these orientations, the lowest swept area of the blades is exposed towards the incoming flow
resulting in less magnitude of static torque generated. As the turbine starts to rotate in clockwise, a
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greater area is exposed and the greater fluid force on the turbine blades leads to a greater generation of
static torque. Meanwhile, as the blade turns towards 360° position, less area is exposed to the flow once
again and minimum torque is observed.

08 ;
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Fig. 13 Dynamic torque for single stage and two stages

Unlike the static torque, the dynamic torque generated about the axis of the turbine results in its
rotation. For both the turbines, the readings for torque are measured over the last 12 blade rotations at
the TSR of 0.767 since both the designs demonstrate their most efficient performance at this TSR. The
average C: values at various azimuthal angles for both the single-stage and two-stage HKTs are plotted
in Fig. 13. It can be observed that there is a negative torque recorded for single-staged at 160° and 340°.
This can be explained by the fact that for the designs based on Savonius concept, negative torque occurs
when the complete swept area of the returning blade is exposed to the incoming flow. The maximum
Ct of 0.59 occurs for the single staged turbine at the azimuthal angle of 80° and 260°. In case of two-
staged turbine, a highest C: value of 0.659 which is greater than the maximum C: of single-staged by
11% occurs at angles of 100° and 280°. Similar to that of Cs, a periodic wave trend is visible for both
the HKT models over the azimuthal angle range from 0° to 360°.

However, an important observation that contributes significantly towards the improved
performance of two-staged modified Bach HKT is the elimination of negative torque. In contrast to the
single-staged HKT, no presence of negative torque is evident over the entire turbine rotation. The reason
for the same is that unlike in the case of the single-staged HKT, the two-staged turbine is never in an
azimuthal position where the returning blade is the only thing exposed to the flow. As a result of the
two-staged arrangement, the point where the returning blade is exposed to the flow coincides with the
orientation where the advancing bucket of the other stage is exposed to the flow. Hence, the negative
torque generated on the returning blade of one stage is balanced with the positive torque generated on
the advancing blade of the other stage. Although it is true that the overall torque generated at such an
orientation towards incoming flow will be lower, as observed at angles 160° and 340° for the two-staged
HKT, it is not negative as in the case of single-staged HKT.

Fig. 14 demonstrates the pressure contours of the single and two-staged HKT during operation. As
the velocity is low, the pressure on the turbine is expected to become greater. It can be seen that the
concave surface (inner curve blade) yields a higher pressure compared to the convex surface (outer
curve blade). This difference in pressure between the two sections of the blade effects the rotation of
blade in clockwise direction.

5.3 Economic aspects

The overall efficiency of the entire turbine setup, 70, and the power output from the single-staged and
two-staged HKT is calculated using the following equation:

Mo =T X7 X1rs 1)
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where nt, nc and nts are the efficiency values corresponding to the turbine, electric generator, and
transmissions and storage system, respectively.

Furthermore, the power output of the HKT is given as the power available multiplied with the
overall efficiency of the turbine setup and is given as:

Power output of HKT = 0.5pAV > x 7, (2

where p is the fluid density, A is the blade swept area, and V is the fluid velocity.

To calculate the payback period, it is assumed that the capital and maintenance cost to be 400 USD
and 100 USD after referring to. Thus, the payback period for the two-staged modified Bach turbine is
calculated by the following equation [26]:

Total Cost

Payback period = - (3)
Power cost per KWh x Power output in kWh
= 400+100 =1253.13 days = 3.4 years
1.14x0.35
(a) Pressure Selected (Pa) (b)
[

-1104.89 -73589 -366.89 211 37111 740.11

Fig. 14 (a) Pressure contour for single-staged (b) Pressure contour for two-staged

Table 3 Economical aspects for single stage and two stages
Parameters Single-Staged HKT Two-staged HKT
Turbine efficiency, gt 30% 32.2%
Generator efficiency, nc 80% 80%
Transmission-storage efficiency, gts 70% 70%
Overall efficiency of turbine, no 16.8% 18.0%
Available power in the wind, W 264.2 264.2
Power output 44.4W 47.6 W
Power output in kWh per day 1.07 1.14
Power cost per KWh 0.35USD 0.35USD
Turbine capital cost 400 USD 400 USD
Maintenance cost 100 USD 100 USD
Payback Period, years 3.7 3.4
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6 Conclusion

The study aimed at achieving an optimized design of hydrokinetic turbine that is suitable for low-
velocity river applications. For this study, the modified Bach Savonius turbine was selected as the base
model owing to its better performance reported in the literature as compared to the conventional
Savonius. The modified Bach turbine was initially modeled and validated with the existing experimental
results using 3D CFD simulations. Later, the optimization technique of multi-staging was employed,
and a two-staged HKT design was designed. The performance evaluation of the modified HKT design
was conducted at the similar Reynold’s number of 1.5 x 10°. From the comparison of obtained results,
it was found that the torque extraction capacity of modified two stages Bach model was improved by
9%. The better torque extraction subsequently enhanced the Cp value by 8.1%. Also, it was observed
that the two-staged turbine showed lower torque fluctuations which implies that the optimized turbine
will suffer from less vibration forces. Taking into consideration the low-flow velocity of 0.86 m/s used
for the simulations, the reported efficiency of 32.2% can be considered as notably upgraded.
Furthermore, comparisons were drawn on the economic aspects for both the single-staged and the two-
staged HKT. Owing to the improved efficiency for the two stages turbine a lower payback period of 3.4
years for the investments was calculated as compared to the 3.7-year period for the single-stage turbine.
The main objective of this research is to increase the performance of existing HKT for low-speed river
current by modifying the existing HKT.
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