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distribution. The micro hydro turbine in GWVPP is called a vortex hydro turbine and is
used to convert induced vortex flow to mechanical energy coupled with a generator to
produce electricity. This paper investigates crossflow vortex turbine performance using
Computational Fluid Dynamics (CFD) software and experimental work. The CFD results
provide qualitative and quantitative comprising velocity distribution, water vortex profile,
and water vortex height. The optimum hydraulic performance in the water vortex was
observed and determined for different turbine positions. The vortex crossflow turbine
was placed 0.05 m from the bottom surface of the basin at the highest vortex tangential
velocity. A 0.05 m turbine position was chosen for the turbine installations as it creates a
high-velocity profile. The comparative performance was conducted on the vortex

Keywords: crossflow blade with different inlet blade angle designs at a range of 40°— 700. The
Micro hydropower; gravitational experimental analysis was conducted at rotational speeds of 30 rpm — 70 rpm to
water vortex power plant; water determine its efficiency performance. The optimum design for the crossflow blade was at
vortex; crossflow turbine; velocity 50° with an operational speed of 50 rpm, which exhibited torque and power output at
profile; power; efficiency 0.27+0.02 m and 1.49+0.08 m respectively with an efficiency recorded at 18.98%.

1. Introduction

Hydropower contributes the highest world’s renewable energy resources, accounting for more
than 16% of net electricity output [1]. Despite the rise in the popularity of wind and solar energy in
recent years, hydropower leads as a power generation with 55% of the total power generation
capacity from renewable resources [2].
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Hydropower produces energy by harnessing the kinetic energy of the flowing water. The
movement of the turbines converts the kinetic energy of water into mechanical energy, which is then
transformed into electrical energy using the electric generator. This process allows hydropower to
generate clean energy from the natural energy of flowing water. According to Ullah et al., [3],
hydropower can be the primary source of future energy production as it can offer clean and
renewable electricity.

The Gravitational Water Vortex Power Plant (GWVPP) is one of the prominent types of
hydropower that has attracted attention in recent years [1,2]. GWVPP has recently become an
alternative option for electricity generation and can operate at very low head sites ranging from 0.7
m to 2.0m [4]. GWVVP operates by using induced vortex flow producing tangential inlet velocity that
creates a rotating flow due to the conservation of momentum. The water exits at the basin opening
producing an air core in the middle of the vortex flow [3].

Other than that, GWVPP is a considerably low investment cost due to its versatility; suitable for
retrofit to existing infrastructure [5]. In 2006, the investment cost for 10 kW of GWVPP was reported
at 60,000€, relatively lower compared to conventional types of hydro turbines [6]. One of the main
reasons for the lower cost of GWVPP is does not require a big reservoir or installation footprint [2].
In addition, GWVPP is designed for very low-head rivers, located at relatively flat hydropower sites,
thus further reducing the overall installation cost.

The GWVPP consists of two parts: 1) the civil structure consists of a water inlet, open channel,
and basin 2) the electromechanical components consist of a turbine, shaft, and electric generator [3].
The civil structure of the GWVPP collects and diverts water from the river and channels the water to
the GWVVP basin. Induced vortex flow intensity and performance are subject to the geometric size
and shape of the civil structure. Potential energy from height difference between inlet water and
outlet opening of the basin induced vortex flow, conversion to kinetic energy. Electromechanical
components consist of hydro turbines that convert kinetic energy to mechanical energy. The turbine
performance is strongly dependent on the vortex strength with a stable vortex profile. In this regard,
it is significant to determine the pattern of a stable vortex profile for turbine optimization. By coupling
the turbine blade with an electric generator, the mechanical energy is then converted into electrical
energy.

There is intensive research interest in improving turbine blade efficiency through blade geometry
modification by considering its rotational effect on the swirling flow of the vortex. This is especially
important for high-efficiency operations at optimum runner shape that relies on the appropriate
design of the turbine blade profiles [4]. Dhakal et al., [5] performed a comparative investigation on
the three different blade profiles using CFD. The comparative data are based on the turbine efficiency
performance, and it was found that the curved blade profiles yield significance high efficiency at 82%
followed by twisted and straight blade profiles which are 63% and 46% respectively.

Then, Kayastha et al., [6] obtained a 35.59% enhancement in turbine efficiency using curved blade
profiles with optimum turbine position and Kueh et al., [7] found that the turbine efficiency could be
increased by about 22.24% using curved blade profiles based on the constant operating speed. Other
than that, Nishi et al., [8] achieved improvement in turbine performance using crossflow blade
profiles as they found the hydraulic losses from the interactions between the water and the turbine
blade can be minimized, and the power efficiency output could be about 55%. In addition, Aziz et al.,
[9] conducted an experimental study using a flat turbine in the enclosed gravitational water vortex
system and found a maximum mechanical efficiency of 16.06% with the best efficient point at 6.3 L/s
of water flow rate. Whilst Del Rio et al., [10] numerically study the torque produced at different
rotational speeds and in this case, the H-Darrieus type of turbine was used as the rotor in the water
vortex turbine, and they found that the maximum torque was at 50 RPM. Moreover, Aziz et al., [11]
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found that the maximum torque of 15.31 N can be produced using 12 runner blades at 90° blade
angle.

Nevertheless, the reports on the effects of the turbine blade angles on the turbine performance
are very limited. This work conducted a systematic study on the effects of turbine blade angle for
turbine performance analysis using crossflow blade profiles. An in-depth observation was done on
the torque, rotational speed, power output, and power efficiency. To the best of our knowledge, the
modification of the turbine blade angle using crossflow blade profiles has the opportunity for further
discoveries to improve the vortex turbine performance.

2. Theoretical Power of the GWVPP

Power input from hydropower is dependent on the head and flow rate based on the site and
determined as

Py = pgQh (1)

where p is the density of the water, g is the gravity constant, Q is the flow rate passing through the
turbine from the inlet and h is the head. The performance of GWVPP is derived through its output
efficiency and it is like the other conventional turbines. The turbine in GWVPP is often classified as
an impulse turbine and the equation is written as

Poyt = Tw (2)

where T is the shaft’s generated torque and w is the impeller angular velocity. Since the rotation axis
of the turbine is selected in the y-direction. The impeller angular velocity can be calculated using the
equation

21N
w = E (3)
Where N is the rotational speed of the impeller. Thus, the efficiency of the turbine in GWVPP can be

expressed as

— Pout — Tw (4)
Pin pgQh

3. The Design of Crossflow Vortex Turbine

The design of the crossflow vortex turbine blade has been carried out using the principle of the
velocity triangle. The crossflow vortex turbine uses the same inlet velocity cases in which the water
from the inlet channel (V1) contacts the turbine blade through the basin. Figure 1 shows a crossflow
vortex turbine with 18 number of blades. Particularly, the number of blades was based on the Sritram
and Suntivarakorn [12] study which found that the 18-blade configuration yielded an optimum
efficiency performance. These blades are designed in a curved shape with relative and absolute
velocity vectors fixed to both the leading and trailing edge at the blade tip, where: U is the blade
velocity, B is the blade angle, a is the absolute angle, Vis the absolute velocity, V;is the radial velocity,
V. is the whirl velocity and Vyis the flow velocity.
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Fig. 1. Velocity triangle for blade profile
4. Dimension and Features of the GWVPP System

In the current study, the configurations of a cylindrical basin of the GWVPP were designed using
a standard scroll-type vortex drop shaft with a flat bottom to maintain subcritical approach flow
conditions. Figure 2 represents the geometrical parameters of the GWVPP mechanism with the
specific dimensions that were implemented using SOLIDWORKS software.
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Fig. 2. GWVPP dimensions and features
(a) An Inlet channel is a mechanism in the GWVPP that directs the flow of water from the reservoir

towards the basin.
(b) A Diffuser is a mechanism that allows the water to flow tangentially into a basin.
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(c) The basin is a circular cylinder that creates a symmetrical vortex flow.
(d) An opening is a mechanism at the bottom of the basin that discharges the water flow.

5. Computational Fluid Dynamics (CFD) Simulation

In this section, the qualitative results from the CFD simulation model are presented to determine
the performance of an induced vortex flow. The qualitative result of this study is to investigate the
dynamic flow in the induced vortex flow. The CFD is a tool to investigate the performance of an
induced vortex flow. The results from the simulation model can be used to identify the optimum
turbine position in the basin. The water vortex height, vortex strength, and velocity profile will be
observed to clarify the performance of induced vortex flow performance. Moreover, the blade profile
of the crossflow turbine will be designed based on simulation results.

As shown in Figure 3(a) shows 3D model represents computational domains for the wetted
volume consisting of inlet, diffuser, and basin. The CAD model was taken as the computational
domain and meshed in ANSYS CFX. The ANSYS CFX is a module of ANSYS software that enables the
creation of structured grids for complex geometries.

Figure 3(b) illustrates an unstructured tetrahedral shape in all flow regions. The function of this
mesh is to solve complex geometric topologies and to capture the flow physics in the domain. The
mesh elements are 0.0012 m and have relatively fine grids for all surfaces. Then, the number of
elements for the volute elements and the number of nodes were recorded at 655574 and 122351
respectively.

Diffuser

Inlet

N

Basin/ T
Opening

(a) (b)
Fig. 3. (a) CAD Domain, (b) Meshing Topography

Figure 4 represents the boundary condition of the GWVPP. The interfaces of the boundary
condition for these domains were set according to their physical flow. The condition includes a steady
flow, no-slip condition, and the two fluids (air and water) in the same region. The domain and
reference pressure temperature were set to 25 °C and 0 atm respectively. Then, the buoyancy
reference density for the water was 1.2 kg/m3 and the surface tension coefficient was set to 0.072
N/m. The computational domains were simulated with no-slip conditions at the wall and pressure
outlet conditions at the outlet. Other than that, the inlet flow rate of 0.004 m3/s was set at the inlet
channel. For the top surface, the boundary conditions were subjected to atmospheric pressure.
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Fig. 4. Boundary conditions and interfaces

In this study, the fluid dynamic problems were presented in non-linear equations governed by
the Navier-Stroke equations. They were solved iteratively by numerical methods which lead to
convergence criteria. The residuals for each computational domain were plotted at the end of the
time step to measure the convergence criteria. To meet the specific convergence criteria, the
Residual Root Mean Square (RMS) was set to 0.0001, the domain had imbalances of less than 1% of
their value or the values of interest had reached a steady solution.

Figure 5 visualizes the velocity profile at the basin surfaces. The basin surfaces were used as a
reference for plane X to determine the velocity profile. In this velocity profile, the intenser color of
red and blue indicates the fastest tangential velocity flow of the vortex that was recorded in Figure
5. The tangential velocity increases when the fluid flow reaches the bottom of the water vortex as
well as increases the kinetic energy [13]. The region close to the bottom of the water vortex displays
the highest hydraulic energy that can produce maximum rotational speed and torque for the turbine
to produce optimum electrical power.

0
0
0
0
)

Fig. 5. Velocity Profile
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Table 1 depicts the turbine’s reference position from the bottom surface of the basin. The
reference position was determined by generating the line in the velocity profile as shown in Figure 5.
This reference position was used to determine the tangential velocity distribution in the water vortex.
Particularly, the reference turbine position was from 0.05-0.25 m from the bottom surface of the
water vortex. The highest tangential velocity was 0.741m/s at the position of 0.05 m from the bottom
surface of the water vortex. At this 0.05 m, the tangential velocity is recorded at 0.741 m/s and was
used as a velocity triangle value to develop the crossflow vortex turbine profile.

Table 1

Turbine’s position from the bottom surface

Distance (m) Turbine position (m) Tangential velocity
(m.s)

Location 1 0.25 0.703

Location 2 0.20 0.711

Location 3 0.15 0.724

Location 4 0.10 0.733

Location 5 0.05 0.741

Figure 6 displays the tangential velocity distribution at different locations in the water vortex. The
optimum turbine position was found at 0.05 m (location 5) from the water vortex’s bottom surface.
It was found that a symmetrical vortex and high tangential velocity were recorded at location 5. An
asymmetrical vortex profile can ensure the forces acting on the turbine are balanced which will
increase the durability of the turbine. When water flows symmetrically across the turbine, it reduces
the lateral forces or imbalances that produce excessive stress on the turbine [14]. Therefore, the
turbine is expected to extract stable torque and power when the turbine is positioned close to the
bottom of the water vortex.

Tangential velocity (m/s)

-0.20 -0.10 0.00 0.10 0.20

Diameter of the basin (m)

—®— Location 1 —ll— Location 2 Location 3

—>&—Location 4 =¥ Location 5

Fig. 6. Tangential velocity distribution
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6. Experimental Setup of the GWVPP

A complete experimental setup was built in the laboratory of the Hydraulic Engineering Faculty
to determine the performance of a GWVPP by using the crossflow turbine. The setup comprises the
centrifugal pump, flow meter, torque sensor, band brake, water tank, runner blade, data logger,
basin, water reservoir, and diffuser installed along the inlet channel as shown in Figure 7. The torque
sensor was mounted in line with the rotating shaft and measured the rotating speed and torque
produced by the rotating runner blade. A basin with a cylindrical shape was selected for the analysis.
The centrifugal pump has the model number CP106B with a power rating of 1.5kW. A water flow
meter with an open valve was connected to the pipe to measure the water flow rate. A diffuser with
a 10-degree angle was used and installed at the inlet channel. A basin with a cylindrical shape was
used in this analysis. A band brake is attached to a turbine shaft to control the rotation of the runner
blade.

O.T Logger

L

|

Runner Blade

Fig. 7. Experimental setup
7. Specification of Crossflow Vortex Turbine

This turbine has a crossflow shape that has been adapted from Sritram and Suntivarakorn [12]
previous studies. An overview of the crossflow vortex turbine is illustrated in Figure 8. The
specifications are given in Table 2. The blade inlet diameter is D; = 0.13m, the blade outlet diameter
is Do =0.20m, the blade thickness is t =0.015m, the height of the blade is b1 =0.20m, the blade width
is b2 = 0.20m, and the number of blades is z =18.
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Fig. 8. Crossflow vortex turbine

Table 2

Specification of a crossflow vortex turbine
Parameter Unit

Outer diameter, Do 0.20m

Inner diameter, Din 0.13m

Thickness, t 0.02m

Height of the blade, b1 0.02m

Blade width, b2 0.02m

Number of blades, Z 18

Figure 9 shows the vector diagram as the reference blade geometry that has been used to identify
the performance characteristic curves of the crossflow vortex turbine. This turbine was tested based
on the same work conditions with the flow rate, head, water vortex height, and turbine position are
0.004 m3/s, 0.23 m, 0.22 m, and 0.05 m respectively. The modified blade angles as a parameter
variable for the design implementation of the crossflow vortex turbine are shown in Table 3. The four
different blade angles were tested by controlling the rotational speed that have been measured using
atorque sensor. Then, the torque, power output, and efficiency performance have been determined.
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Fig. 9. The vector diagram of the Crossflow Blade

Table 3

Technical details for the design of crossflow vortex turbine

Type of turbine Blade inlet angle, B1 (°) Blade outlet angle, B2 (°)
Crossflow A 40 60

Crossflow B 50 55

Crossflow C 60 45

Crossflow D 70 40

The crossflow vortex turbine in the GWVPP system was allowed to run continuously for 5 minutes
before readings from the sensor were recorded. This allowed the water to flow through a uniform
water vortex in the basin and ensured that the sensors were recording consistent readings.

The rotational speed of the crossflow vortex turbine in the GWVPP system was adjusted to
between 30 RPM and 70 RPM by adjusting the band brake that was applied to the rotating shaft. The
turbine's corresponding torque, power output, and efficiency were measured and documented. The
hydraulic power, mechanical power, and efficiency were determined based on the observed
parameters and mathematical expression of energy conversion from Eq. (1), Eq. (3), and Eqg. (4).

All measurements collected from the torque sensors were subjected to test setup limitations
value of standard deviations from the data. It was presented to demonstrate how widely the
measured values spread by the average data values [15]. The statistical analysis was provided to
determine the experimental uncertainties by showing the accuracy and precision of the experimental
results as shown in Figure 10 and Figure 11.

8. Performance Analysis of the Crossflow Vortex Turbine

The performance characteristics for crossflow vortex turbines A-D were presented as mechanical
output parameters such as torque, power, and efficiency in Figure 10 to Figure 12. The performance
curves are crucial to determine the optimum operation of turbomachinery [3]. In this case, the
performance curves provide information on mechanical output parameters while indicating the best
efficient point for rotational speed under constant flow rate and turbine position. As shown in Figure
10 to Figure 12, the crossflow turbine A-D produces power, torque, and efficiency with a similar trend
at a rotational speed between 30-70 RPM. This demonstrates the inlet and outlet angle of the turbine
produce mechanical power with different torque at tested rotational speed. The performance curves
show torque, power, and efficiency at a given rotational speed that corresponds to the blade angle
modification. Then, the crossflow vortex turbines A-D generate the highest power at the similar best
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efficient point recorded at 50 RPM. At part load rotational speed, all crossflow vortex turbine (A-D)
generates lower power with a parabolic trend. This is because the torque decreases with the
increment of rotational speed, resulting in the lowest power among the crossflow vortex turbine (A-
D) with approximately similar efficiency. The decreasing trend of the power with the increase in
rotational speed is in parabolic behavior that shows an instantaneous reduction in the crossflow
vortex turbine performance.

Figure 10 illustrates the performance curve of torque for four different blade angles at a
rotational speed between 30-70 RPM. The highest torque generated by all the crossflow vortex
turbines was found at the rotational speed of 30 RPM. This indicates higher torque was generated at
a lower rotational speed and reduced to a lower value at a higher rotational speed. On the other
hand, a higher torque was found at crossflow vortex turbine A, while the lower torque was at
crossflow vortex turbine D. The increase in torque is attributed to the higher angular moment
difference exerted by the inlet and outlet angle of the turbine blades. These results can be supported
by the findings of Wichian and Suntivarakorn [16], who have reported that there is an increment in
torque when the angular moment of the water flows increases.

Torque (N.m)
|

]
I—f—ifo
/.,

{ /

0.15 : ~. ?\\\ ;
- N \\g
0.10 ¢ N\
N\
0.05 '$

30 35 40 45 50 55 60 65 70
Rotational Speed (RPM)

M Crossflow A @ Crossflow B @ Crossflow C X Crossflow D

Fig. 10. Performance of crossflow turbine in
terms of torque

Figure 11 shows the mechanical power outputs for four different blade angles. It can be found
that the highest power is generated by all crossflow vortex turbines at 50 RPM. All turbines lose
power when the rotational speed matches the tangential water vortex, which reduces the torque
exerted on the turbine. Crossflow vortex turbine C has a maximum power output compared to other
turbines, thereby indicating that the turbine has more energy extraction in the vortex. It was found
the highest power output generated by the crossflow turbine Cis 1.49+£0.08 W at 50 RPM, generating
the optimum torque at 0.27+0.02 N.m. Moreover, the relatively higher power generated by crossflow
vortex turbine A than other turbines may be attributed to the large surface areas between the inlet
and outlet angles of the blade. The possible reason for the slightly increased power in crossflow
vortex turbine A also due to the high moment in the water catchment by the large normal area of
the water flow direction [17].
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Figure 12 represents the turbine efficiency for four different blade angles that correspond to the
rotational speed between 30-70 RPM. The efficiency for the crossflow vortex turbine is in line with
the other researchers with reports in the range between 15-35%. The highest efficiency was
polynomials at crossflow vortex turbine C. It was found that the efficiency of the crossflow vortex
turbine C qualitatively follows the power generated. Other than that, crossflow vortex turbine C
yields 18.98% maximum efficiency at a rotational speed of 50 RPM. Therefore, the best efficient point
was found at 50 RPM as it has been identified to extract more power with optimum torque.
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9. Conclusions

A study on the feasibility of a gravitational water vortex power plant for the purpose of
performance enhancement has been carried out with blade angle modification in the crossflow
vortex turbine. The performance parameters of the turbine such as rotational speed, torque, power,
and efficiency have been examined to determine the performance curves that are crucial in
turbomachinery. In the crossflow vortex turbine, the performance parameters such as an inlet blade
angle and outlet blade angle of 60° and 45° respectively are improved with the best operating speed
of 50 RPM. The core findings of the present study are the following

i.  The numerical study on the GWVPP asserted that the optimum hydraulic output such as
water velocity profile and water tangential distribution can be obtained at the runner
position of 0.05 m of the water vortex height.

ii. A significant reduction trend in the torque, power output, and efficiency was observed
from the rotational speed at 60 RPM to 70 RPM in the crossflow vortex turbine.

iii.  The performance curve of the crossflow vortex turbine is greatly affected by varying the
angle of the blade. It is found that crossflow vortex turbine C provides maximum
performance because of more water blade wetted area.

iv.  Crossflow vortex turbine C shows a consistent performance with efficiency at 18.98% with
the best operating speed of 50 RPM.

In summary, the blade profiles of the crossflow turbine crossflow must be designed in a manner
that leads to minimal vortex distortion by maintaining the swirling vortex which can boost the
performance of the gravitational water vortex turbine. The variation in efficiency performance
strongly depends on the power output of turbine crossflow. Moreover, the increment in the
rotational speed variation does not mainly increase the parameter’s performance. The present study
shows the rotational speed of 50 RPM as the best operating condition required to achieve the
optimum performance of the turbine.
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