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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 (Zotlöterer 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 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 h1 and h2 are the specific enthalpies at 
the inlet and outlet, respectively, c2 is the 
kinetic energy per unit mass,  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,   
 
Thus,  
 

 
Equation (7) becomes: 
 

 (8) 
The study calculates the specific volume of a 
fluid by comparing the atmospheric pressure 
(  and specific volumes  and  at the 
inlet and outlet. 
The exergy efficiency of the system was 
determined by Equation (9): 
 
Thus, the exergy efficiency   

which is according to Vakilabadi et al. 
(2019), Abuelnuor et al. (2020) and Moshi 
(2021).  
 

 (9) 

 

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 

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

 
 (10) 

where Sx is the standard deviation of 
both speed and mass. 
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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). 
 

 (11) 

 
 (12) 

 (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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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 






