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Abstract

Gravitational water vortex power plants (GWVPPs) have recently gained popularity due to
their low initial investment, simple design, ease of maintenance, and low head utilization.
However, the technology suffers from poor performance issues caused by the non-optimized
parameters of its crucial components, such as the runner. In this study, the performance of a
runner (16° blade-hub angle, six blades, and a curved blade profile) for a GWVPP was
experimentally examined. The study also employed an exergy analysis. The experimental
results revealed that the efficiency of the GWVPP system was in the range of 9.84% to
25.35%, the torgue was in the range of 0.08 to 0.23 Nm, and the output power was in the range
of 2.96 to 7.33 W. Furthermore, an exergy analysis of the system showed an exergy efficiency
of 43.58%. Additionally, the error analysis of the GWVPP revealed ranges of 0.1 - 0.5 W for
power, 0.01 - 0.03 Nm for torque, and 1.3-3.1% for efficiency, suggesting that the
experimental setup and instrumentation of this study were reasonably accurate. Based on the
results, the new vortex runner and GWVPP system are recommended for energy generation in
low-head, low-flow small hydropower plants.
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Introduction generating over 100 kW but less than 1 MW

The overreliance on traditional energy
sources, like fossil fuels, has led to
environmental concerns, prompting the
development of renewable energy options
like hydro-turbine power generation, which is
cost-effective and practical (Okot 2013).
Hydropower (HP) projects are classified
based on size, either small (SHP) or large
(LHP), but this classification varies by
country due to a lack of consensus (Paish
2002). Pico, micro, mini, and small systems
are subcategories of SHP, with pico
generating less than 10 kW, micro generating
over 10 kW but less than 100 kW, mini

(Kaunda et al. 2012, Timilsina et al. 2018).
SHP systems, either reservoirs or run-of-river
types, generate power by diverting water
from a river's main channel through a weir,
reducing investment costs. The system's
working principle involves converting falling
water energy into rotating shaft power
through a turbine, which can be impulse or
reaction-based (Paish 2002).

In  recent years, Micro-hydropower
systems are gaining popularity as a renewable
energy technology to provide electricity to
remote areas with high costs and low incomes
(Williamson et al. 2014). The selection of a
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turbine for a hydroelectric power plant (HPP)
site is influenced by factors such as available
head and flow rate, generator operating
speed, and power requirements for low flow
conditions (Okot 2013). Micro-HP turbines
like Archimedes screw turbine, gravitational
water vortex power plant (GWVPP), and
waterwheel turbine are suitable for low head
and low flow rate conditions.

GWVPP is a micro-HP scheme suitable
for low flow rates and heads in rivers and
streams, offering a new addition to the 0.7 to
2 m head range (Zotléterer 2017). The
GWVPP system, consisting of a runner,
basin, and canal, offers environmental safety,
ease of manufacture, low maintenance costs,
no water storage, increased surface water
area, and aquatic life safety (Dhakal et al.
2014, Rahman et al. 2017 and Khan et al.
2018).

Recent interest in GWVPPs has led to
studies assessing their performance, focusing
on energy efficiency. The impact of runners'
shapes on overall efficiency has been studied.
Dhakal's study found that curved blades were
82% more efficient than twisted and straight
blades, outperforming both profiles (Dhakal
et al. 2017b). Kueh's experimental study on
runner profiles revealed that despite a 22.24%
improvement in efficiency, the ideal
efficiency was not achieved due to limitations
in friction torque and load-cell components
(Kueh et al. 2017). Chen's study on basin-to-
blade ratio setups revealed that cross-flow
blades outperformed other runner profiles
with an efficiency of 68.84% (Khan et al.
2018). Two different runner profiles were
optimized numerically, with the findings
indicating that curved profiles exhibited
better efficiency (ranging from 9.80% to
25.89%) compared to flat profiles (with
efficiency ranging from 8.8% to 23.32%)
(Faraji et al. 2022).

Previous research on GWVPPs was
primarily relied on traditional energy
efficiency, but exergy efficiency offers a
more comprehensive view of energy quality.
Exergy efficiency measures the valuable
work a system can produce, considering
irreversible processes and inefficiencies. This
study applied an exergy-based method to
evaluate the effectiveness of a GWVPP,
aiming to experimentally study the GWVPP
system by using the optimized parameters of
the numerical study of Faraji et al. (2022) and
perform an exergy analysis of the GWVPP
system. The study involved the complete
design, manufacturing, and experimental
testing of a GWVPP test rig. The test rig
underwent evaluation at different rotational
speeds, assessing power, torque, and
efficiency and applying the first law of
thermodynamics to determine system exergy
efficiency.

Materials and Methods
Experimental set-up

The experimental test rig includes a 1000
L water storage tank, a two hp centrifugal
pump, a 1000 L overhead reservoir, a
GWVPP basin, a canal, and a runner
assembly. The basin and canal are placed
above the water storage tank, and the
GWVPP runner optimizes the design with
specific parameters. These parameters were
selected based on a previous study by Faraji
et al. (2022). The GWVPP runner's
performance was evaluated using digital
tachometers and Prony brake dynamometers
at various operating speeds. The experimental
test rig (Figure 1) was located at the Nelson
Mandela African Institution of Science and
Technology (NM-AIST) in  Tanzania.
Replicas or controls were used for reliability
and statistical significance.
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Figure 1: Experimental setup of the three-dimensional gravitational water vortex power
plant (GWVPP).

The experimental setup consisted of a
blade frame/support, overhead reservoir
frame, pump, pipe, storage tank, and
overhead reservoir. The blades were secured
with mild steel sheets and angle iron, while
the overhead reservoir was made from class
B black steel pipe. A 2 hp centrifugal pump
supplied water to the overhead reservoir, and
a 50 mm diameter flexible pipe supplied
water to the basin inlet. A storage tank was
installed to prevent wastage, and an overhead
reservoir was used to create an artificial flow

to the canal, storing water that eventually
flowed to the canal entrance. The water is
pumped to the reservoir, guided by gravity,
and a ball gate valve regulates the flow rate.

Selection of materials

The experimental test rig, primarily
made of steel, was constructed for its
mobility, portability, and cost-effectiveness,
as detailed in Table 1, showcasing the local
materials used.

Table 1: The experimental test rig: materials, specifications, and quantity.

Part Materials Specifications Quantity
Basin Mild steel sheet 1570 x 500 x 2 mm 1 pc*
Canal Mild steel sheet 2100 % 400 x 2 mm 1pc
Runner Mild steel sheet 300 x 180 x 2 mm 6 pcs
Black pipe ®50 x 300 mm 1pc
Storage tank Mild steel sheet 2000 x 600 x 2 mm 2 pcs
Mild steel sheet 1000 x 600 x 2 mm 2 pcs
Mild steel sheet 2000 x 1000 x 2 mm 1pc
Angle iron 40 x 40 x 3 mm 2 pcs
Runner support Square hollow section 20 x 20 x 1.5 mm 2 pcs
Angle Iron 40 x 40 x 3 mm 1pc
Mild steel shaft ®40 x 1200 mm 1pc
Bearing CFK P206 2 pcs
Prony brake Square hollow section 20 x 20 x 1.5 mm 1pc
Wire rope ®8 x 800 mm 1pc
Bolt and nut M12 v 150 mm 1pc
Iron block 12 x 12 x 300 mm 1pc
Overhead reservoir ~ Black pipe (class B) ®100 x 2500 mm 6 pcs
Frame Square hollow section 40 x 40 X 2 mm 4 pcs
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* pc — piece
Basin and canal fabrication

The basin and canal structures were made from mild steel iron sheets, with the inlet width
adjusted according to the optimized design, as shown in production drawings and Figure 2.
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Figure 2: Basin and canal: (a) orthographic view, (b) isometric view. All dimensions are in
millimeters.
Runner fabrication
Experimental work used a six-blade curved-blade profile type runner made from 1 mm
mlld steel sheets to reduce costs and ensure easy shape acqmsmon as shown in Figure 3.

Figure 3 Fabricated blades used in the experimental setup: (a) blades and (b) blades with
shaft support.

Data collection procedure Inagaki 2017). Equation (1) was used to
The experiments used the bucket or determine the flow rate, Q, for the existing

volumetric method to measure the flow rate  system.

by closing the basin aperture and opening the Q = —LEume of the basin )

overhead reservoir valve, a method similar to Time spent ta fill the basin )

previous studies (Gheorghe-Marius and The upper frame of a vortex air core

Tudor 2013, Marian et al. 2013, Nishi and  funner was supported using a class B black
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steel tube to support the shaft and bearings.
Data was collected by determining the
system's torque and rotation speed using
Mulligan and Hull (2010) and Dhakal et al.
(2017) methods. A Prony braking mechanism
was used to measure brake force and torque.
A braking system was installed to measure
output power and friction torques. The
runner's rotational speed was measured using
a digital tachometer. Data collection began
with the runner at rest and continued with the
turbine's rotational speed. The output power,
torque, and efficiency were determined using
equations (2), (3), and (4), respectively which
are according to Mulligan and Hull (2010)
and (Dhakal et al. (2017a).

IRgrN
Pn‘ut'put = &0 {Mweight - MEDUIJtE[".'.’Eight}
)
where, r is the radius of the pulley, M, eign: is
the mass of the first weigh scale,
and Mcounterweignt i the mass of the second

weigh scale.

T = grim 3)
where, g, is the acceleration due to gravity, r
is the pulley radius, and &m is the change in

mass between the first and second weigh
scales.

Tw

= e @

where, o is the rotational speed in rpm and H
is the head.

Exergy analysis of the system

The first law of thermodynamics was
applied to analyze the exergy of a system,
considering the control volume as an open
system, and using Equation (5) (Abuelnuor et
al. 2020).

®)

where T; = temperature at the boundary (K),
To = temperature at the environment (K), W =
energy transfer via control volume (W), =
mass flow rate (kg/s), Q = heat transfer rate
(W). Furthermore, e = h—hy —To(s—so) + 0.5
(V?) + gz; where h, = enthalpy (kJ / kg), h =
enthalpy of the working fluid (kJ / kg), V =
velocity of the working fluid (m/s), g =
acceleration gravity (m?/s), s = entropy of the
working fluid (kJ/kg K), s, = environment
entropy (kJ / kg K), Eq = destruction of
exergy due to irreversibility (W) and z =
elevation (m).

The control volume operated under
ambient conditions, which were assumed to
be 25 ° C (temperature), 1 atm (atmospheric
pressure), and 1000 kg/m? (density of water).
These assumptions reduced Equation (5) to
Equation (6), which was used to calculate E;
(exergy destruction due to irreversibility).

£, = m[(22

)+l —z)]-w  (6)

where ¢; and c; are the water velocities in
m/s at the inlet and outlet, respectively. The
water velocities were determined by the
division of flow by the respective inlet and
outlet areas and z; and z; were the elevations
in m at the input and outlet, respectively.
Elevations were determined using a tape
measure, as shown in Figure 4.
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Figure 4: Schematic of exergy flow under the controlled volume of GWVPP system.

The steady-flow energy equation (SFEE)
was utilized to calculate the work done by the
system, considering the conservation of
energy Equation 7 (Dixon and Hall 2013)
was used to determine the work done (W) by
the system.

The energy balance was as follows:

Energy input = Energy output

(7(

where h; and h; are the specific enthalpies at
the inlet and outlet, respectively, %cz is the

Kinetic energy per unit mass, gz is the
potential energy per unit of mass, and W is
work (W).

A hydraulic turbine operates with no heat
transfer, work W = +W work produced, and
no change in internal energy, w; = u;

Thus, by — by = uy + py vy — (uztppvs)

Error analysis

An error analysis was conducted to
identify and quantify errors in experimental
measurements, identifying potential sources
such as speed recording tachometers and
weigh scales, to capture random uncertainty
(Bachynski et al. 2019). To calculate the

hy —hy = pyvy — pav;)
Equation (7) becomes:

ik

W= m( i

+glz, -z ) +

P ':VL - V::]]
®)

The study calculates the specific volume of a
fluid by comparing the atmospheric pressure
(2} and specific volumes ¥; and 1; at the
inlet and outlet.
The exergy efficiency of the system was
determined by Equation (9):

e _ Exsrgy output
Thus, the exergy efficiency = ———
which is according to Vakilabadi et al.
(2019), Abuelnuor et al. (2020) and Moshi
(2021).

W
P = W+Eg

)

random uncertainty, Sg, of the experimental
data, the following equation was used:

Ix

= (10)

where Sy is the standard deviation of
both speed and mass.

585



Faraji et al. - Exergy analysis and performance testing of a gravitational water vortex turbine

The study assessed the impact of errors
on power, torque, and efficiency parameters
in tachometer and weigh scale measurements
using propagating errors, utilizing equations
for power, torque, and efficiency (Figliola
and Beasley 2020).

op =P [(2) + (22) 1
5T = GAm (12)
sn=n(7) +(2) (13)

Results and Discussions
Performance analysis of the GWVPP
runner

The performance analysis of the GWVPP
runner revealed an output power range of
2.96-7.33 W, torque of 0.08-0.23 Nm, and
efficiency of 9.84%-25.35%. The higher
efficiency was attributed by the optimized
working parameters. The experimental
efficiency was slightly lower than the
numerical analysis of which was reported a
maximum efficiency of 25.89% (Faraji et al.
2022). Figures 5 - 7 displays the performance
curves showing maximum power (7.63 W)
and torque (0.231 Nm) at a speed of 2.64
rad/s, with the highest efficiency (25.35%),
indicating stable vortex flow without
distortion (Dhakal et al. 2017 and Khan et al.
2018). The experiment exhibited excellent
performance due to stable vortex flow and
uniform water flow, resulting in maximum
power, torque, and efficiency. Reduced
rotational speed affected performance due to
distorted vortex and basin water level

changes. The optimal speed was 2.64 rad/s,
ensuring maximum performance. The study
found that the runner's rotational speed
significantly influenced output power, torque,
and efficiency. A zero-output power, torque,
and efficiency value corresponded to the
maximum rotational speed without braking
force. When load was applied, rotational
speed decreased, suggesting increased
braking force and undistorted vortex flow as
supported by Khan et al. (2018), Dhakal et al.
(2017) and Kueh et al. (2017).

The performance parameters decreased
due to a distorted vortex caused by
disturbance in vortex flow and changes in
basin water level, resulting from a further
reduction in rotational speed (Khan et al.
2018, Kueh et al. 2017). The performance
parameters and rotational speed in turbines
have an inverse relationship until a maximum
value is reached, this is according to studies
by Khan et al. (2018), Ullah et al. (2019)
and Saleem et al. (2020). The highest
efficiency is achieved when the runner's
rotation speed is half the vortex speed, as the
vortex flow generates lift and rotation. Slow
or fast rotation can reduce turbine efficiency
(Mulligan and Casserly 2010 and Rahman et
al. 2016). The vortex flow created a pressure
gradient along the turbine blades, which
caused them to generate lift and rotate (Li et
al. 2023). The study analysis provides
valuable insights into the design and
operation of micro-HP systems, enabling
engineers to optimize efficiency and
performance by adjusting input parameters.
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Figure 5: Effect of rotation speed on (a) runner power (b) runner torque (c) runner efficiency.

Exergy analysis

The study found a high exergy efficiency
of 43.58% for the GWVPP runner, slightly
higher than previous studies, such as Hossain
et al. (2020) ranging from 35.0% to 39.2%
and Maruf et al. (2021) ranging from 35.07%
to 36.59%. This efficiency is attributed to
optimized working parameters, such as speed,
blade-hub angle, number of blades, and blade
profile. Exergy efficiency measures the
proportion of input energy converted into
useful work (Rosen and Dincer 2001).

Error analysis

The study found that the power, torque,
and efficiency measurements were reliable
and precise, with error ranges ranging from

0.1 to 0.5 W, 0.01 to 0.03 Nm and 1.3 —
3.1%, respectively (Figures 5 - 7). The torque
measurement process was more reliable and
less prone to errors, possibly due to the
propagation of errors in these parameters.
Efficiency errors were generally low, with
most falling within the 1.3% to 3.1% range.
The efficiency error depended on both power
and torque errors, with lower errors at lower
rotational speeds and higher errors at higher
speeds. Overall, the experimental setup and
instrumentation were reasonably accurate.

Conclusion

The study evaluated the efficiency and
capabilities of a gravitational water vortex
power plant (GWVPP) turbine runner using
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exergy analysis and performance testing
methods. The results shows that the turbine
runner efficiencies ranging from 9.84% to
25.35%, torque values ranging from 0.08 Nm
to 0.23 Nm, and output power ranging from
2.96 to 7.33 W. From these results, it is
clearly shown that GWVPP technology offers
a low-cost alternative to traditional
hydroelectric power plants, with minimal
maintenance requirements and efficient
utilization of low head resources. Moreover,
beyond its immediate applications, this
research contributes to the broader discourse
on sustainable energy solutions. By
demonstrating the feasibility and efficacy of
GWVPP technology. Lastly, but not least, the
studies from this research advocates for the
exploration and adoption of innovative
approaches to harnessing innovative water
energy sources. So, in this case, future energy
research should focus on optimizing GWVPP
energy capacity, its scalability as well as
environmental impact assessments.
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