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ABSTRACT 

Energy generation through water is one of the most economic sources of power. On the other 

hand, isolated and rural communities can both benefit from using micro-hydropower to power 

their homes. The gravitational water vortex power plant (GWVPP) has recently attracted 

interest due to its low initial investment, straightforward design, simple maintenance 

requirements, and low head requirements. However, the technology suffers a low performance 

caused by unoptimised parameters of its crucial components, such as the GWVPP runner. This 

study presents the results of numerical simulation and experimental approaches for the 

GWVPP runner. To understand how each factor affected the efficiency of GWVPP runner, 

four parameters (hub-blade angle, speed, runner profile, and number of blades) were examined. 

The (custom) design tool of Design-Optimal Expert was used to create twenty-four (24) 

experimental runs. Commercial Computational Fluid Dynamics (CFD) software, specifically 

Ansys CFX, was employed to simulate these runs and assess the system's efficiency. R2 values 

of 0.9507 and 0.9603 for flat and curved profiles indicate a better model fitting to actual data. 

Additionally, the numerical analysis led to a 3.65% improvement in the efficiency of the curved 

blade profile runner, while the flat runner profile's efficiency increased by 1.69% compared to 

non-optimized scenarios. The validation process revealed that the comparison between the 

numerical investigation and experimental results demonstrated a promising agreement, further 

supporting the accuracy of the numerical analysis.  The experimental finding depicts that the 

efficiency was 9.84 - 25.35%, torque was 0.08 – 0.23 Nm, and the output power was 2.96 – 

7.33 W. Furthermore, the results portray the numerical efficiency to be slightly greater by 

0.54% than the experimental efficiency, presumably because the frictional forces were not 

incorporated in the numerical analysis. Additionally, the exergy analysis of the system revealed 

a value of 43.58%. The power error range was between 0.1 and 0.5 W, with a low variation in 

the data points. The torque error range was relatively lower than the power error range, ranging 

from 0.01 to 0.03 Nm, and the torque measurements showed a low variation in the data points. 

The efficiency error range was generally low, with most errors falling within the 1.3-3.1% 

range.  Therefore, the GWVPP runner efficiency can be improved significantly through 

numerical analysis and experimental studies. Also, based on the above results, the GWVPP 

runner and GWVPP system are recommended for energy generation in low-head and flowrate 

water sources. 
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CHAPTER ONE  

INTRODUCTION 

1.1 Background of the Problem 

Energy demand is tremendously growing daily, along with the increase in economy and 

population. In order to support social-economic development activities, there is a rise in the 

demand for electricity in the industry, household, and service sectors in developing nations 

(Kaunda et al., 2012). However, major sources of energy generation, especially renewable 

energy (solar, wind, waves, tidal, hydro), have not been exploited to their maximum. In the 

view of the global share of renewable energy, the status of hydropower shows that there is an 

increase of 3.9% from the year 2009 to 2020, as depicted in Fig. 1. In considering possible 

future renewable energy sources, hydropower (HP) provides the following advantages: - low 

annual maintenance cost, can be incorporated into multipurpose projects, highly efficient and 

long lifespan. In addition, the contribution of HP in the energy sector is recommendable. For 

example, Fig. 2 illustrates that in 2021, while renewable energy contributed about 28.3% to 

global electricity production, hydropower was reported to contribute 15% of the world’s net 

electricity production (REN21, 2022). Either small or large hydropower systems can harness 

energy from hydropower.  

 

 
Figure 1: Renewable energy share: Global overview (REN21, 2022) 
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Figure 2: Share of renewable energy in electricity generation (REN21, 2022) 

The HP projects are typically classified based on their size. The categorization of HP includes 

small hydropower (SHP) or large hydropower (LHP). However, since no generally agreed-

upon definition exists, categorisation differs by country (Paish, 2002). For example, pico, 

micro, mini and small systems are subcategories of the SHP. Most nations and organisations 

define pico as an HP system that produces less than 10 kW, micro-HP as one that produces 

more than 10 kW but less than 100 kW, mini-HP as one that produces more than 100 kW but 

less than 1 MW, and small HP as one that produces more than 1 MW but less than 10 MW 

(Kaunda et al., 2012; Timilsina et al., 2018). The SHP can be a reservoir or a run-of-river type: 

run-of-river varieties have no water storage for power generation and divert water from the 

main river through a weir. Run-of-river small hydropower (SHP) systems are suitable for 

moderate capacities because the absence of a reservoir helps in reducing the investment cost 

per kW of installed energy. For SHP systems, the primary focus is on minimizing investment 

costs. The working principle of the HP system involves the energy from falling water being 

converted into rotating shaft power via a turbine. Turbines are classified according to their 

operating principle and can be either impulse Fig. 3a (Pelton, Turgo, and Cross-flow) or 

reaction Fig. 3b (Kaplan and Francis) (Paish, 2002).  



3 

  

Figure 3: Sketch of a) impulse turbine b) reaction turbine (Leon & Zhu, 2014) 

The notion of a micro-HP system as a potential renewable energy technology is gaining 

popularity. The energy supply in rural, distant, and mountainous places is insufficient, poor, 

and unreliable. Micro-HP, conversely, may deliver electricity to remote areas where grid 

extension is prohibitively expensive and users have low incomes (Williamson et al., 2014). 

This scheme has lately gained global attention because of its critical role in meeting electricity 

demand in remote and rural locations. The site's characteristics decide the best turbine for any 

given HP site, the most essential of which is the available head and flow rate. The choice is 

also influenced by the required operating speed of the generator or other equipment powering 

the turbine. Other factors, such as the anticipated power generation of the turbine under low 

flow circumstances, are also crucial in the decision (Okot, 2013). For example, the Archimedes 

screw turbine, gravitational water vortex power plant, and waterwheel turbine are suitable 

micro-HP turbines at low head and flow rates. 

The gravitational water vortex power plant (GWVPP) is a type of micro-HP scheme that works 

well in rivers and streams with low flowrates and heads, as shown in Fig. 4. In addition, 

GWVPP is a novel addition to the family of micro-HP systems that operate in the 0.7 m to 2 m 

head range (Zotlöterer, 2017). It is one of the micro hydropower systems and can be considered 

a useful application of the Free Surface Vortex (FSV) principle. An artificial water vortex flows 

tangentially through a rectangular canal and into a basin (cylindrical/spiral) with a bottom exit 

hole to power a water vortex turbine (Shabara et al., 2015). This system doesn’t require direct 

control mechanism and penstock. Hence, fabrication and construction costs are low and can be 

realized using locally available machines and equipment (Timilsina et al., 2018). Moreover, 

GWVPP is regarded as a promising renewable energy resource for remote communities, 

simultaneously contributing to endeavours aimed at reducing the greenhouse gas effect on the 

environment (Darmawi, 2019; Sipahutar et al., 2013). 

(a) 
(b) 



4 

 

Figure 4: Schematic of GWVPP (Mohanan, 2016) 

In recent times, there has been a growing interest in the advancement of GWVPP, leading to 

numerous research studies to assess its performance, with a particular focus on its energy 

efficiency. For example, researchers have been studying the impact of runner shapes (profiles) 

to determine the overall efficiency of the GWVPP. For example, a study by Dhakal et al. (2017) 

used numerical analysis to compare three runner profiles and determine which shape was best. 

The efficiency of the curved runner profile was reported to be 82% higher than that of the 

straight and twisted blades, which were 63% and 46% efficient, respectively. A study on the 

basin-to-blade ratio configurations utilizing different runner profiles revealed that cross-flow 

blades showed the best efficiency (Khan et al., 2018). Moreover, the flat and curved profiles 

of the runner were experimentally studied (Kueh et al., 2017). Despite the fact that the flat 

profile runner had an efficiency of 21.63% compared to the curved profile runner's 22.24%, 

the experimental constraints prevented this study from reaching its maximum efficiency. 

Curved profiles outperform other profiles due to increased surface area and flow control of the 

water. 

The experimental study by Kueh et al. (2017) encountered several issues that could not be 

resolved, mainly due to testing constraints. For example, due to practical limits (failure to 

provide large frictional torque and low-capacity load-cells components), ideal operating speed 

was not achieved, resulting in failure to attain optimal efficiency. Furthermore, the optimization 

of the runner model via different design factors was not considered. Faraji et al. (2022) 

performed optimisation of the two runner profiles (flat and curved) through the alteration of 

four parameters (speed, blade-hub angle, number of blades and blade profile). The study 

reported curved profiles showing better efficiency of 9.80 – 25.89% over flat profile blades, 

which exhibited efficiency in the 8.08 - 23.32% range.  
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Runner as one of the essential components in GWVPP; its efficiency depends on the number 

of parameters such as number of blades, blade-hub angles, runner speed and blade profile. In 

recent times, there has been a growing interest in the advancement of GWVPP systems, leading 

to numerous research studies to assess its performance, with a particular focus on its efficiency 

(Dhakal et al., 2017; Khan et al., 2018; Kueh et al., 2017). Another study was on the effect of 

the materials on the efficiency of the runner, and the study concluded that lighter materials 

provide higher efficiency (Sritram et al., 2015). The effects of the baffles on the runner were 

also studied, and it was reported that baffles improved the efficiency of the system (Wichian 

& Suntivarakorn, 2016). However, it is worth noting that since this technology has been a few 

years since its existence, some of the parameters affecting the efficiency of the runner, such as 

the number of blades, blade-hub angles, runner speed and blade profile, are not 

comprehensively studied. 

It is observed that most previous research on the performance of GWVPP was conducted based 

on traditional energy efficiency. Energy efficiency refers to the ratio of the useful energy output 

of a system to the energy input. While energy efficiency is essential for evaluating the 

performance of a hydropower system, exergy efficiency provides a complete picture of the 

quality of the energy being produced. Exergy is a measure of the valuable work that can be 

obtained from a system, taking into account the irreversibilities and inefficiencies of the 

process. Moreover, exergy efficiency is the ratio of the valuable exergy output to the exergy 

input of a system. In the case of hydropower, exergy efficiency would take into account factors 

such as the loss of energy due to friction, turbulence, and other inefficiencies in the conversion 

process. 

Based on the observations mentioned earlier, an exergy-based method is suggested to assess 

the effectiveness of GWVPP, considering the system's irreversibilities. However, to the best of 

knowledge of this research, no single study on the GWVPP study using the exergy analysis 

exists. Therefore, the objective of this study is to perform numerical analysis, experimentally 

validate the numerical study and also to perform the exergy analysis of the GWVPP system. 

The study, in particular, involved a complete design, manufacturing and experimental testing 

of the GWVPP test rig. The test rig is tested at various rotational speeds, where power, torque, 

and efficiency performance parameters are evaluated. Moreover, the study applied the first law 

of thermodynamics to determine the system's exergy efficiency, where the fluid's steady flow 

energy equation through a control volume was employed. 
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This study is geared towards the performance improvement of the GWVPP runner efficiency 

by altering parameters responsible for the efficient performance of the GWVPP runner. 

Through numerical simulation and experimental approach for the GWVPP, four parameters 

(hub-blade angle, speed, runner profile, and number of blades) were explored. 

1.2 Statement of the Problem 

Despite the availability of various water bodies, such as run-of-river, their utilization as energy 

sources through small hydropower has been minimal due to technological limitations. The 

barriers to small hydropower development are low head and flow rates. Conventional 

technologies such as Kaplan or Francis at a very low head and flow rate face technical and 

economic limitations. Some limitations include the requirement of a special flow mechanism 

and the risk of environmental emissions (Senior et al., 2010). Additionally, little progress has 

been made in the study of power generation using low discharge and very low head (Dhakal et 

al., 2014). A good candidate to overcome the technical and economic limitations of 

conventional hydropower for the generation of electricity from an ultra-low head is the 

GWVPP. However, the runner, as one of the crucial components of GWVPP, has lower 

efficiency compared to other conventional hydropower due to less optimization of its crucial 

parameters. The GWVPP runner efficiency depends on the number of parameters such as 

number of blades, blade-hub angles, runner speed and blade profile. As such, parameters are 

not comprehensively studied and optimized (Rahman et al., 2017). For example, based on work 

of literature, some studies tried to improve the performance of GWVPP runners (Dhakal et al., 

2017; Khan et al., 2018; Kueh et al., 2017). It is worth noting that most of these studies used a 

different methodology, mostly one-factor-at-a-time (OFAT), to improve the performance 

parameters. The significant challenge for OFAT is that it does not consider the potential 

interactions between different factors. The effect of one factor may depend on the level of 

another factor.  This study has focused on the performance improvement of the runner by 

altering four parameters (number of blades, blades-hub angle, runner speed and runner profiles) 

responsible for the efficient performance of the runners by combining these parameters.  

1.3 Rationale of the Study 

This study has utilized the GWVPP system, which is classified as micro-hydropower, to solve 

unused waters, especially in the ultra-low head, such as run-of-rivers in flat areas. The 

justification of this study lies in thematic areas as follows:  



7 

(i) Sustainable Energy: The development of sustainable and renewable energy sources is 

crucial for reducing the dependence on fossil fuels and mitigating the adverse effects 

of climate change. Gravitational Water Vortex Power Plants (GWVPPs) are one such 

alternative energy source that has the potential to generate clean energy without 

producing harmful emissions. This research has helped to improve the efficiency of 

these power plants, making them more attractive to investors and contributing to the 

transition towards sustainable energy sources. 

(ii) Economic Viability: Gravitational Water Vortex Power Plants (GWVPPs) are still a 

relatively new technology, and their economic viability is not yet fully established. 

Improving the performance of critical components like the runner could increase the 

plant's power output, making it more economically viable and competitive with other 

energy sources. This research can contribute to the commercialization of GWVPPs and 

help to establish them as reliable and profitable energy sources. 

(iii) Computational Modeling: Computational modelling is essential in designing and 

optimising complex systems like GWVPPs. However, the accuracy and reliability of 

these models depend on their validation against experimental data. This research can 

help to improve the accuracy and reliability of computational models used to simulate 

the performance of water vortex power plants, contributing to the broader field of 

computational fluid dynamics. 

1.4 Research Objectives 

1.4.1 General Objective 

The general objective of this study is to establish the optimal working parameters of a GWVPP 

runner through computational and experimental methods. 

1.4.2 Specific Objectives 

(i) To develop a GWVPP model comprising canal, basin and runner for numerical 

analysis. 

(ii) To theoretically optimize GWVPP runner parameters responsible for the low 

performance of the GWVPP system (i.e., the number of blades, blade-hub angles, 

runner speed and blade profile).  
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(iii) To experimentally validate the numerical results of the optimized GWVPP runner. 

1.5 Research Questions 

(i) How can a comprehensive GWVPP model, incorporating canal, basin, and runner 

components, be developed to facilitate accurate numerical analysis and optimization? 

(ii) What are the values of the GWVPP runner parameters to be improved through CFD for 

optimal performance of the GWVPP? 

(iii) How do experimental performance values of the optimized GWVPP runner align with 

numerical values? 

1.6 Significance of the Research 

The rationale of the study was to contribute knowledge and further research on the area under 

study. The findings are useful to policy makers in decision-making with regard to GWVPP. 

The study has contributed to the following: 

(i) Help to advance the knowledge and understanding of how GWVPP work, as well as 

improve the accuracy and reliability of computational models used to simulate the 

performance of such systems. 

(ii) Development of environmentally friendly GWVPP through performance improvement 

of the GWVPP runner; and 

(iii) Contribution to the development of sustainable and renewable energy sources, 

especially for low-head areas such as irrigation, open channel flow etc. 

1.7 Delineation of the Study 

This study is geared towards the performance improvement of the GWVPP runner efficiency 

by altering parameters responsible for the efficient performance of the GWVPP runner. 

Through numerical simulation and experimental approach for the GWVPP, four parameters 

(hub-blade angle, speed, runner profile, and number of blades) were explored. The  centrel 

focus was  to establish the optimal working parameters of a GWVPP runner through 

computational and experimental methods. 

  



9 

CHAPTER TWO 

LITERATURE REVIEW 

2.1 Research Framework 

Figure  5 shows the research framework of the optimization of the runner for GWVPP. The 

framework has involved an iterative approach towards the identification and selection of a 

runner numerically. The optimal results have been validated through experimental testing. 

Figure 5: A research framework 

2.2 Hydropower  

Hydropower offers a wide range of project scales and types, allowing for customized designs 

to meet specific needs and site conditions. Large hydropower refers to the generation of 

electricity from the energy of falling or fast-flowing water in large-scale hydropower plants. 

One of the key advantages of hydropower is its minimal impact on water resources, as it neither 

consumes nor pollutes the water used for power generation, leaving it available for other vital 

purposes. Moreover, the revenues generated from electricity sales can be utilized to fund 

critical infrastructure projects that enhance human welfare. These consist of creating systems 

for the supply of clean drinking water, agricultural irrigation plans, navigation system 

upgrades, leisure facilities, and promoting ecotourism. Water is an essential resource that 
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sustains all life forms on our planet. However, its distribution is uneven across seasons and 

geographical regions, with some areas experiencing droughts and others facing the challenges 

of destructive floods. Throughout history, dams and reservoirs have played a crucial role in 

collecting, storing, and effectively managing water resources necessary for the survival and 

progress of civilizations. Hydropower generates electricity and supports essential water 

services such as flood control, irrigation, and drinking water supplies, facilitating the fair 

distribution and utilization of this invaluable resource (Yüksel, 2010). Figure 6 illustrates the 

typical schematic of the hydropower plant parts. 

 

Figure 6: A schematic representation of a hydropower station and its main 

components (Kaunda et al., 2012) 

Hydropower stands as one of the most ancient and well-established forms of renewable energy. 

It boasts remarkable attributes, being nearly carbon neutral, technologically advanced, and 

cost-competitive. Its contributions toward attaining climate change goals, securing energy 

provision, and fostering a sustainable global energy system are substantial (Bilgen et al., 2008; 

Yuksel, 2010). Compared to newer technologies like wind power or solar energy, hydropower 

has already achieved significant development in capacity, particularly in Europe (Wagner et 

al., 2015). Hence, in addition to its advantages, it is crucial to consider the environmental 

impacts, such as disruptions to river ecosystems, as well as the social implications, including 

community resettlements. According to the latest available data, the global installed capacity 

of hydropower stands at 926 GW, resulting in an annual global generation of 3551 TWh/year 

(equivalent to 12 784 PJ). This accounts for approximately 16.3% of the world's electricity 
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generation. The estimated global technical potential for hydropower is around 14576 TWh 

(equivalent to 52 474 PJ). Europe has harnessed about 53% of its total potential, while other 

continents, such as Africa (8%), Asia (20%), and Australia (20%), possess significant untapped 

resources (Wagner et al., 2015). Figure 7 illustrates the hydropower potential at various places. 

 

Figure 7: North America, South America, Europe, Africa, Asia, and Australia's 

technical hydropower potential in terms of installed capacity and annual 

generation, as well as the proportion of installed hydropower in 2009 

(Wagner et al., 2015) 

 

2.2.1 Hydropower As a Renewable and Sustainable Energy Source 

Consensus has been achieved by representatives from over 170 countries, affirming that all 

hydropower is renewable and deserving of international support. This agreement was initially 

established at the World Summit on Sustainable Development in Johannesburg in 2002 and 

reiterated at the 3rd World Water Forum in Kyoto in 2003. The following supporting evidence 

is provided (Wagner et al., 2015). 

(i) Hydropower stands as a renewable energy source, harnessing the power of flowing 

water to generate electricity. Since it does not deplete the resource, all types of 

hydropower projects, be they small or large, run-of-river or storage-based, fall under 

the renewable energy category. 

(ii) Hydropower plays a vital role in promoting the advancement of other renewable energy 

sources. Hydropower facilities with reservoirs offer exceptional operational flexibility, 

allowing them to respond promptly to changes in electricity demand. This unique 
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feature, coupled with its storage capacity, positions hydropower as the most efficient 

and cost-effective method to facilitate the integration of intermittent renewables such 

as wind and solar power. 

(iii) Hydropower plays a pivotal role in promoting energy security and ensuring price 

stability. Unlike fuel or natural gas, river water used for hydropower generation is a 

domestic resource that remains unaffected by market fluctuations. Additionally, as the 

only major renewable source of electricity, hydropower's cost-effectiveness, efficiency, 

flexibility, and reliability contribute to optimizing the utilization of thermal power 

plants. 

(iv) Hydropower makes a significant contribution to fresh water storage by utilizing 

reservoirs to collect rainwater. These reservoirs serve a dual purpose as they not only 

generate electricity but also provide a valuable source of water for drinking and 

irrigation purposes. By effectively storing water, hydropower reservoirs help safeguard 

aquifers from depletion and mitigate the impacts of floods and droughts, enhancing our 

resilience to water-related challenges. 

(v) Hydropower plays a crucial role in enhancing the stability and reliability of electric 

grids. The management of electricity grids relies on fast and flexible generation sources 

to meet peak power demands, stabilize system voltages, and restore service promptly 

after blackouts. Hydropower offers a unique advantage in this regard, as electricity 

generated from hydropower can be swiftly integrated into the grid, faster than any other 

energy source. Its exceptional capability to transition rapidly from zero power to 

maximum output enables hydropower to effectively meet fluctuating loads and provide 

essential ancillary electrical services. This capacity ensures the balance between 

electricity supply and demand, further strengthening grid resilience. 

(vi) Hydropower plays a crucial role in combating climate change due to its minimal 

greenhouse gas (GHG) emissions throughout its life cycle. By offsetting emissions 

from gas, coal, and oil-fired power plants, hydropower contributes to the mitigation of 

global warming. It is worth noting that despite only 33% of potential hydro resources 

being developed, hydropower already makes a significant impact by averting the need 

to burn approximately 4.4 million barrels of oil equivalent per day worldwide. This 

substantial reduction in fossil fuel consumption further underscores the valuable role of 

hydropower in addressing climate change. 
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(vii) Hydropower significantly enhances air quality as hydropower plants do not produce 

any air pollutants. Frequently, they serve as a clean alternative to fossil-fueled power 

generation, leading to a reduction in acid rain and smog. Another notable advantage is 

that hydropower projects do not generate any toxic by-products, further contributing to 

a healthier environment. By promoting clean and pollutant-free electricity generation, 

hydropower plays a vital role in improving the air we breathe. 

(viii) Hydropower profoundly impacts development by bringing essential infrastructure, such 

as electricity, roads, industry, and commerce, to communities. This, in turn, fuels 

economic growth, enhances access to healthcare and education, and enhances the 

overall quality of life. With a century-long track record, hydropower is a well-

established and proven technology. Its impacts are comprehensively understood, and 

measures for mitigation and enhancement are readily available. Moreover, hydropower 

holds immense potential and can be deployed in areas where development is most 

needed, making it a valuable asset for sustainable progress. 

(ix) Hydropower ensures the provision of clean and affordable power not just for the present 

but also for the future. Hydropower projects spanning 50 to 100 years serve as enduring 

investments that can benefit multiple generations. These projects can be readily 

upgraded to incorporate the latest technological advancements, ensuring their continued 

relevance and efficiency. Additionally, hydropower facilities boast remarkably low 

operation and maintenance costs, further enhancing their economic viability and long-

term sustainability. 

(x) Hydropower serves as a pivotal instrument for achieving sustainable development 

goals. Hydropower projects exemplify the essence of sustainable development when 

developed and operated in an economically viable, environmentally responsible, and 

socially conscious manner. Hydropower projects are vital in realising sustainable 

development aspirations by prioritizing economic viability, environmental stewardship, 

and social responsibility. 

2.3 Classifications of Hydropower Schemes  

Hydropower schemes are generally categorized according to their size. They can be small 

hydropower (SHP) or large hydropower. However, because no universally recognised 

definition exists, the classification varies between nations (Paish, 2002). The systems falling 
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within the SHP category are subcategorized into pico, micro, mini, and small. Most nations 

and organisations classify pico systems as producing less than 10 kW, microsystems as 

producing more than 100 kW but less than 1 MW, mini systems as producing more than 100 

kW but less than 1 MW, and small systems as producing more than 1 MW but less than 10 

MW (Kaunda et al., 2012). Additionally, the small HP can be a run-of-river type or reservoir. 

Run-of-river types use water diverted from the main river by a weir rather than storing it for 

power generation. Run-of-river types are ideal for small SHP capacities because they have a 

lower investment cost per kW of installed electricity. After all, there is no need for a reservoir 

(the main goal of SHP systems is to lower investment cost). 

A turbine transforms the force of falling water into rotating shaft power. Turbines can be 

classified as either impulse (Pelton, Turgo, and Cross-flow turbines) or reaction (Kaplan and 

Francis turbines) turbines based on how they work (Paish, 2002). The head-flow ranges of 

small hydro turbines are depicted in Fig. 8. 

 

Figure 8: Small hydro turbine head-flow ranges (Paish, 2002) 

2.4  Very Low-head Hydropower Technologies 

A promising renewable energy technology is the idea of a micro hydropower system. Micro-

hydropower systems can produce electricity close to a 100 kW capacity (Kaunda et al., 2012). 

Rural, remote, and hilly areas have poor, inconsistent, and insufficient energy supplies. 

Alternatively, micro-hydropower can provide energy to rural areas where grid extension is 

expensive and the end users have low incomes (Williamson et al., 2014). A hydro turbine 

transforms the force of falling water into rotating shaft power. The head and flow are the two 
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main site factors affecting which turbine is most appropriate for a specific hydro site. The 

decision is also influenced by the generator's or other loading device's desired operating speed. 

Other factors, like whether the turbine will be expected to produce power under reduced flow 

conditions, are also crucial in the selection process (Paish, 2002). Suitable micro-hydropower 

for low head includes Archimedes screw turbine, GWVPP and waterwheel turbine. This 

study`s focus is on the GWVPP. 

2.5 Gravitational Water Vortex Power Plant 

Micro hydropower plants are one class of green technology that includes Gravitational Water 

Vortex Power Plant (GWVPP). Due to the fact that the highest reported power generated did 

not exceed 100 kW, it is classified as micro hydropower (Rahman et al., 2017; Timilsina et al., 

2018). The ultra-low hydraulic head requirement of this power plant is its main benefit 

(Wanchat et al., 2013) as well as the environmentally friendly (Zotlöterer, 2017). This plant's 

water supply is provided by a sizable, straight inlet that leads to a circular basin via tangential 

flow (Fig. 9). A strong vortex will then form in the water, and it will exit the outlet at the bottom 

of the shallow difference due to the vortex's dynamic force (Zotlöterer, 2017). As a result, when 

compared to other hydro power technologies, the GWVPP's development and power generation 

costs are extremely low. Due to the following characteristics of water vortex, gravitational 

vortex power plants are also found to be advantageous: 

(i) The water surface area is increased. 

(ii) Increases the water surface area's flow velocity to its maximum. 

(iii) Spreads contaminants throughout the water uniformly. 

(iv) Expands the contact surface of the dispersed contaminants for water plants and 

microorganisms. 

(v) Naturally aerates the water due to the high flow velocity on the water's surface area. 

(vi) Increase the heat of evaporation to allow water to cool the environment during the 

summer's rising temperatures. 

(vii) To maximise the chance of microorganism survival concentrates, dense water (water at 

40°C) in the centre of the ring-shaped structure (Zotlöterer, 2017). 
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Figure 9: GWVPP (a) Side view (b) Top view (Rahman et al., 2017) 

Additionally, the advantages of using an artificial vortex above gravity-accelerated water are 

increased effectiveness, reduced costs, improved sustainability and health of the river, and 

reduced negative environmental effects (Power et al., 2016). From Fig. 10, it can be observed 

that GWVPP gives promising application at the low head (below 1 m), and it can also be 

operated at a low flow rate compared to other turbines.  

The GWVPP is a turbine technology wherein the kinetic energy of water is harnessed by a 

rotating tank (basin), converting its potential energy, and a turbine positioned at the centre of 

the vortex extracts this kinetic energy. The operating range of GWVPP in terms of head and 

flowrate is identified by Timilsina et al. (2018), as observed in Fig. 10. Moreover, this 

technology bridges the existing gap in the functioning of low-head hydropower systems. The 

GWVPP has been stated to have some advantages, including environmental safety, ease of 

manufacture, ease of installation, low operating and maintenance costs, no need for water 

storage, surface water area increase, maximized water flow velocity on the surface area, and is 

safe for aquatic life (Dhakal et al., 2014; Khan et al., 2018; Rahman et al., 2017). 

 

Figure 10: Chart of the vortex turbine's application range (Timilsina et al., 2018) 

(a) (b) 



17 

2.5.1 Gravitational Water Vortex Power Plant System: History and Evolution 

The GWVPP system is a micro hydropower system and can be considered a useful application 

of free surface vortex (FSV). In recent years, this innovative hydropower method has emerged 

as a competitive hydropower option against conventional systems. Franz Zotlöterer produced 

the GWVPP in 2006 (Zotlöterer, 2017). The device creates a whirlpool-like flow inside an 

open channel chamber or basin using an artificial free-surface vortex created by a tangential 

approach and a central intake (or orifice) situated on the bottom floor (Shapiro, 1962). 

However, some might argue that Viktor Schauberger was the one who first came up with the 

concept of using a vortex flow to collect water (Bartholomew, 2005). However, the 10 kW 

commercial installation made by Zotlöterer on a river in Obergrafendorf, Austria, in 2006 (as 

depicted in Fig. 11) is what really garnered attention for the technology worldwide (Dhakal et 

al., 2014; Mulligan & Casserly, 2010). Figure 11 (a) shows the overview of GWVPP, while 

Fig. 11 (b) shows the overview of GWVPP in 3D. 

 

 

Figure 11: Overview of the GWVPP (Timilsina et al., 2018) 
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A runner is one of the essential components of GWVPP. Figure 12 (a) shows the first 

configuration of the runner, while Fig. 12 (b) shows the improved configuration of the runner. 

 
Figure 12: Early impeller (Zotlöterer, 2017) 

 

2.5.1 Free Surface Vortex 

In the discipline of hydraulic engineering, the FSV is a significant phenomenon. Depending on 

where it is, it might be a useful or dangerous source. Many researchers investigated the causes 

of this phenomenon's strength as well as its structure and location in an effort to either weaken 

or strengthen it (Yaakob et al., 2014). "Hydropower-Naturally?" by the International Water 

Power and Dam Construction Journal editors was published in 1995 and mentioned the FSV 

once more as a technique for small, run-of-river hydropower generation (Reynolds, 1995). The 

article advocates for smaller low-head schemes with vortex technology as effective alternatives 

while arguing against river dams and also references the work of Schauberger (Reynolds, 

1995). Kouris (2000) modified existing hydropower dams so that they could produce 

"additional energy" by generating a free-surface vortex. Later Brown (1968) patented a 

hydraulic turbine assembly, as displayed in Fig. 13. The creation of the vortex is achieved by 

extending the intake closer to the free surface. According to one theory, the Coriolis effects on 

flowing water have an impact on vortex formation. 
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Figure 13: Free-surface vortex turbine concept (Brown, 1968) 

2.6 Previous Research on Gravitational Water Vortex Power Plant 

Since vortices can be both helpful, like for cyclone separators (Safikhani et al., 2011; Utikar et 

al., 2010) and harmful, like for hydraulic machinery and structures in hydropower plants (Hite 

& Mih, 1994; Rajendran et al., 1999), they have attracted research attention (Basu et al., 2013). 

However, the use of vortices for hydropower generation, or GWVPP, hasn't been thoroughly 

thought out yet. Moreover, since GWVPP research and practice are still relatively new, the 

operating conditions are largely unstudied or unknown. As a result, only a few studies like this 

one are solely focused on the analysis of GWVPP in detail.  

2.6.1 Numerical Studies 

The discipline of computational fluid dynamics (CFD) is a subset of numerical and 

computational sciences that focuses on solving discretized sets of the Navier-Stokes equations, 

which govern fluid flow, in order to produce three-dimensional and time-varying information 

on a particular flow field of interest. The main benefit of CFD is its capacity to produce results 

rapidly and inexpensively, making it ideally suited for optimization (Pulliam & Zingg, 2014). 

The drawback is that a particular simulation must strictly pass the model and requires 

quantitative validation through physical experimentation before being employed for 

development. The use of CFD models has led to a rise in research exploring novel designs for 

vortex basins and runners as a result of the development of less expensive CFD codes and high-

speed computing. According to Mulligan et al. (2016), Fig. 14 shows the outcomes of a CFD 

simulation performed on a vortex chamber, showing the flow behaviour and velocity vectors 

for various depths. 
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Figure 14: Computational Fluid Dynamics simulation of a vortex chamber to show 

flow behaviour and velocity vectors at different depths (Mulligan et al., 

2016) 

Wanchat and Suntivarakorn (2012) investigated the variation in basin geometry to ensure a 

stable vortex for power generation. In this study, a cylindrical chamber with and without 

induced circulation was compared to a rectangular configuration of the basin. A guide plate 

similar to the one described in Brown (1968) patent was placed just before the entrance to the 

vortex chamber to induce circulation. According to the findings, a cylindrical basin with 

induced circulation is the most effective configuration for creating and maintaining a stable 

vortex. Subsequently, Wanchat et al. (2013) conducted an experimental and computational 

study on a cylindrical basin with induced circulation and an outlet tube positioned 

concentrically within the vortex basin. The outlet diameter of the vortex chamber was also 

varied in the study for varying flow rates and vortex heads; Nevertheless, the study did not 

provide any insights into the impact of geometry or hydraulic parameters that could be 

beneficial for GWVPP design. 

In addition, Dhakal et al. (2015) used experimental and CFD data to compare cylindrical and 

conical vortex chambers. Except for the outlet tube geometry used by Dhakal et al. (2015), all 

geometric parameters were kept constant for the study. In Fig. 15, the altered outlet tube 

geometry is displayed. The basin's top diameter and height were reported to be 600 mm and 

850 mm, respectively. Under similar head and flow conditions, geometrical parameters for both 

basins were developed. The power produced in these basins with the runner position adjusted 

along the vertical axis was compared using the runner having six blades, the one seen to be 

most efficient at various positions. The numerical and experimental study results indicated that 

the conical basin has the highest output power and efficiency. According to experimental 

results, the maximum efficiency for a conical and a cylinder basin was 36.84% and 27.74%, 

respectively (Dhakal et al., 2014).  
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Figure 15: The basin geometry used by (Dhakal et al., 2015) and used by (Dhakal et 

al., 2014) on the left and right, respectively 

Shabara et al. (2015) investigated the use of the commercial CFD code ANSYS Fluent to 

investigate the validity of the water vortex created by the model. The results demonstrate that 

ANSYS Fluent can model the water vortex system with acceptable error levels. The study does 

not, however, fully disclose all of the CFD model's specifics. 

Gautam et al. (2016) examined how coupling multiple runners on the same shaft affects power 

production in the basin proposed by Dhakal et al. (2015). The investigation commenced with 

a 3D steady-state, single-phase numerical simulation of a conical basin equipped with a turbine 

runner within a vortex, utilizing ANSYS Fluent. Subsequently, an experimental study was 

conducted. The findings revealed that coupling these runners enhances their efficiency. During 

the experiments, the power generated was 6% higher compared to using a single runner to 

achieve maximum efficiency. 

The ANSYS CFX was employed by Khan et al. (2018) to simulate a cylindrical basin with a 

stepped inlet. A parametric study was conducted by varying the geometric parameters like 

basin aspect ratio, basin diameter, and outlet diameter, along with the flow parameter of inlet 

velocity. The study examined the influence of these parameters on the water vortex's height, 

the increase in tangential velocity of water, the presence of an air core, and the velocity 

components in terms of cylindrical coordinates. The findings of this research were 

subsequently discussed and published in Chattha's work (Chattha et al., 2017). Other 

researchers used ANSYS CFX to analyze various runner profiles before conducting actual 

experiments (Dhakal et al., 2017; Khan et al., 2018). Based on the results from both the 

computational and experimental studies, it was determined that curved blade profiles are more 

efficient compared to flat blade profiles. Dhakal's runner (Dhakal et al., 2017) exhibited a 

curved top view, in contrast to the curved side view observed in the runner utilized by Khan et 
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al. (2018). Furthermore, according to Kueh's research, the runner features a curved exit part 

when viewed from the side (Kueh et al., 2017). 

Additionally, Faraji et al. (2022) optimized two runner profiles (flat and curved) by changing 

four variables (speed, blade-hub angle, number of blades, and blade profile). According to the 

study, flat profile blades had an efficiency range of 8.08 to 23.32%, while curved profile blades 

had a range of 9.80 to 25.89%. 

2.6.2 Experimental Studies 

Mulligan and Casserly (2010) were the first to publish experimental studies on the vortex 

chamber for hydropower production. Due to the gravity-dominated free-surface conditions 

created in the vortex chamber, the Froude similitude was used in these studies. During this 

experimental campaign, the authors investigated the impact of the vortex chamber's shape and 

changed the exit hole diameter (d) by varying the ratio d/D, where D represented the vortex 

chamber's diameter. They came to the conclusion that when 14% d/D 18%, the vortex's strength 

was at its strongest. Additionally, they deduced that low and high head sites correspond to the 

lower and upper ranges of d/D. In their studies, the authors found that the cylindrical vortex 

chamber lacks verticality because of the asymmetrical tangential velocity conditions caused by 

the inlet. To address this issue, they proposed modifying the velocity field to achieve an 

asymmetric distribution from the inlet, incorporating a logarithmic spiral chamber wall. 

Additionally, the authors validated the analytical equations used to estimate the pressure 

distribution in a free-surface vortex when a turbine impeller is absent by employing a spiral 

vortex chamber. However, the authors conducted additional research on subcritical vortex 

chambers in vortex drop shafts. However, it is still possible to apply the findings of these 

studies to the water vortex hydropower plant. 

Later studies were conducted on a vortex chamber in which the approach flow channel's invert 

level is higher than the vortex chamber base (Bajracharya & Chaulagai, 2012). The creation of 

straightforward slider mechanisms allowed researchers to observe that the vortex structure 

remained continuous from the inlet to the vortex chamber and extended to the exit hole. The 

system was found to be unable to maintain a stable vortex as the orifice of these geometries 

was increased; as a result, a high discharge was necessary. The design of Bajracharya and 

Chaulagai (2012) was later modified into a novel conical basin by Dhakal et al. (2014), who 

also created an impulse-type runner. The runner employed in the study was a cross-flow turbine 
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theory-based impulse type (Dhakal et al., 2014). For the Bajracharya and Chaulagai (2012) 

type basin and the recently proposed conical basin, vortex strength (circulation) was 

experimentally measured in the study. According to the findings, a greater circulation could be 

attained in a conical basin. Under identical flow conditions examined in the Bajracharya and 

Chaulagai (2012) study, it was also discovered that the conical basin's power generation 

efficiency was higher. When a large number of blades were used, the impeller under study by 

Dhakal et al. (2014) showed a significant distortion of the vortex flow. Similar blade profiles 

were used in the study to create impellers with 3, 6, and 12 blades, all with the same outer 

radius. When there are more blades, less power is produced, as demonstrated by measurements 

of output power using torque and impeller speed. 

Experimental research on the effects of various turbine materials, including steel and 

aluminium, was conducted by Sritram et al. (2015). This study discovered that lighter 

materials, like aluminium used in the impulse type runner, could withstand the flow conditions, 

leading to higher efficiencies because the turbine self-weight was reduced. The increased 

efficiency was achieved without changing the angular velocity by producing more torque. In 

those three basins, Rahman et al. (2016) experimental testing examined the hydraulic 

efficiency of four different turbine configurations and the vortex profiles for three different 

hydraulic head configurations. The outcome demonstrated that greater runner rotational speed 

does not always equate to greater hydraulic efficiency. The maximum efficiency was 

discovered when the turbine's rotational speed was half the vortex's tangential velocity, which 

is similar to how it was described in Mulligan and Casserly (2010). In addition, the study finds 

that the turbine with the fewest number of blades has the highest hydraulic efficiency. The 

authors do not fully disclose the basin diameter and method used for the theoretical vortex 

profile prediction. 

The impact of turbine baffle plates on efficiency was investigated by Wichian and 

Suntivarakorn (Wichian & Suntivarakorn, 2016). Five blades were evenly spaced around the 

circumference of the impeller, and baffle plates were added at the top and bottom of each blade. 

Five distinct models with various baffle plate areas were examined. At three different flow 

rates, the developed runners were put to the test. According to the study, a turbine with baffle 

plates produced a higher efficiency than one without. It was discovered that an impeller with 

50% baffle plates was the most effective, whereas increasing the number of plates causes the 

torque to decrease. 
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Power et al. (2016) carried out an experimental parametric study to better understand the 

various GWVPP operating conditions. The impeller's rotational speed, vortex height, and 

braking force were all measured while changing various design parameters. The blade size and 

blade number are related to the impeller among the five parameters that were taken into account 

for the investigation. As blade size increases, the height of the vortex decreases, but the braking 

force increases (due to an increase in impeller weight and inertia), increasing power output and 

efficiency. A similar outcome was observed with more blades, which added to the weight. 

Beyond a certain weight, the runner's speed and power output, however, decrease. The height 

of the inlet pipe and the flow rate both had an impact on the system's input power, with the 

highest flow and height values indicating the system's maximum efficiency. The additional test 

was run with varying braking force at the highest efficiency setting determined from earlier 

tests. The ideal setting was found to be between zero and the maximum applied force, which 

will simply bring the turbine to rest. This discovery is connected to the turbine and vortex 

speeds by Mulligan and Hull (2010) suggested. In the study, the maximum efficiency of 15.1% 

was observed when the braking force was applied at 60% of what was necessary to bring the 

turbine to a complete stop (Fig. 16). 

 

Figure 16: (a) Impeller arrangement and (b) impeller configuration with baffle 

plates (Wichian & Suntivarakorn, 2016) 

Both hydropower and GWVPP technologies offer significant advantages as renewable energy 

sources, contributing to a reduction in greenhouse gas emissions and providing reliable energy. 

However, they also face challenges, including environmental impact, high initial costs, 

geographical limitations, and regulatory hurdles. While hydropower is well-established and 

capable of large-scale energy production, it comes with more significant environmental and 

social challenges. The GWVPP technology, on the other hand, is more environmentally 
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friendly and suitable for small-scale applications but is limited in power output and is still in 

the early stages of widespread adoption. This study focuses on enhancing the efficiency of the 

GWVPP runner by modifying the parameters that influence its performance. Using both 

numerical simulations and experimental methods, the research investigates four specific 

parameters: hub-blade angle, speed, runner profile, and the number of blades. 
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CHAPTER THREE 

MATERIALS AD METHODS 

3.1  Numerical Approach 

The applied numerical approach was divided into two steps. The first step was the selection of 

a basin and canal which can produce an air-core vortex and higher gain in tangential velocities, 

along with a reasonable height of the vortex. The second step was the comparison of two blade 

profiles (flat and curved) to achieve maximum power output through variation of the number 

of blades, blade-hub angle and runner speed. As a result, the comparison of the optimum blade 

profile for use in the GWVPP experimental test rig was established. Figure 17 depicts the 

general numerical optimization flow path for this study. 

 

 

Figure 17: Numerical optimization flow process 

3.1.1 Basin and Canal Selection 

Literature suggests that the optimum basin diameter to outlet diameter ratio is 0.14 to 0.18 

(Wanchat et al., 2013). The literature information led to the selection of the basin. Moreover, 

the existing literature indicates that as the mean tangential velocity of water in a vortex basin 

rises, the water motion transitions from axial to tangential, resulting in an increase in the 

vortex's height and, consequently, an enhancement in vortex strength (Kueh et al., 2014; 

Wanchat et al., 2013). Hence, the emphasis was placed on choosing a basin that generates a 

free surface air core vortex with the highest attainable height and greater velocities at the core 
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of the vortex. For this purpose, a basin and canal were designed according to the dimension 

parameters shown in Table 1, where the basin parameters of basin diameter, basin height and 

basin outlet diameter are provided. The canal parameters include inlet width, depth, length, and 

notch angle. The 3D of the developed model containing the basin and canal is displayed in Fig. 

18. 

 

Table 1:      Basin and canal parameters 

Parameter Basin Value Canal Value 

Basin diameter 1000 mm NA* 

Basin height 500 mm NA 

Outlet diameter 160 mm NA 

Inlet width NA 100 mm 

Inlet Depth NA 150 mm 

Canal length NA 1750 mm 

Notch angle NA 165° 
 

NA* Not applicable 

 

 
 

 

Figure 18: Model of the basin and canal 

3.1.2 Models Development, Meshing and Analysis 

Three-dimensional (3D) models of runner, canal and basin were developed by Computer-Aided 

Design (CAD) Solidworks software v.2017. The established models from the software were 

then transferred to Ansys ICEM for the meshing purpose. In addition, the meshed model from 

the Ansys ICEM was taken to the Ansys stand-alone CFX software to analyse and optimise the 

system by considering the selected parameters. Ansys ICEM and Ansys CFX were chosen for 

their complementary strengths in meshing and fluid dynamics simulation, ensuring that the 
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study’s models are well-represented and the analysis is precise and comprehensive. The 

numerical analysis followed the following sequence. Firstly, the agreement of experimental 

results (for both flat and curved profiles) was checked using a numerical approach. The 

governing partial differential equations of fluid flow, commonly known as Navier-Stokes and 

continuity equations, have been discretized and solved over an area of interest with the known 

physically possible boundary conditions. The assumptions on computation were the steady, 

viscous, turbulent and incompressible flow. The continuity and Navier-Stokes equations are 

written in the Equations 1 - 4 as follows:  

 Continuity equation:  
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 Navier-Stokes equations: 
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(4) 

 

In the given context, Vθ, Vr, and Vz represent the tangential, radial, and axial velocity 

components, respectively. The fluid density is denoted by ρ, gravitational acceleration by g, 

and kinematic viscosity by ν. The CFD model was used to study the hydrodynamics of the 

GWVPP runner model. The analysis of the model has been done by CFD package, CFX Ansys 

17 tool to optimise the runner's output by changing parameters, namely, number of blades, hub-

blade angle, rotation speed and blade profile. The complete simulation process is summarized 

in the form of a flow chart, as shown in Fig. 19. 
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Figure 19: Simulation flow chart 

 

A 1000 mm outer runner diameter contained four blades with a rotational speed of 4.08 to 2.5 

rad/s. Figure 20 displays the base model of GWVPP. The entrance section, known as the canal, 

comprises the guide, which directs the water flow towards the basin. As the water enters the 

basin tangentially, it creates the runner's rotational velocity through blades; afterwards, the 

water is released into the outlet axially. 
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Figure 20: Three dimension (3-D) of the base case 

The computational domains have primarily been divided into two parts. The first part 

encompasses a stationary domain, which includes the inlet, canal, runner-basin interface, 

opening, wall, and outlet. The second part comprises a rotating domain consisting of the runner 

and the runner-basin interface. Unstructured tetrahedral mesh computational grids were 

generated separately for both the stationary and rotating domains using Ansys ICEM CFD. 

After meshing each domain individually, all meshes were combined into a single computational 

domain within Ansys CFX. For a visual representation, please refer to Fig. 21 and Fig. 22, 

which illustrate the numerical mesh of the stationary domain (canal and basin) and the rotating 

domain (runner), respectively. To ensure the quality of the generated meshes, the Ansys ICEM 

tool was employed for verification and confirmation. 

 

Figure 21: Numerical mesh in a stationary domain 
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Figure 22: Numerical mesh in a rotating domain 

The total number of nodes used for this analysis was 4 380 000. This number was achieved 

through testing of various meshes varying from 500 000 to 5 000 000 nodes. The node variation 

ensures the number of nodes does not compromise the final results (Inc., 2009). The outcome 

of the mesh dependency test is presented in Fig. 23. So, by observing Fig. 23, it was necessary 

to perform a mesh dependency sensitivity analysis. A general grid interface method was 

employed for the mesh connections between domains and interfaces. The SST turbulence 

model was considered to predict turbulence. Also, a two-phase flow, including air and water, 

was used and separated by a distinct interface during numerical analysis. The frozen rotor was 

set as a numerical treatment between the basin-runner interface. The set models' results gave a 

steady-state solution of the multiple frames of reference. The convergence criteria used was 

the root mean squared (RMS) with an average residual target of 1x10-4 considering mass, 

momentum and turbulence equations. The specific convergence criteria values were chosen to 

balance accuracy and computational efficiency, reflecting the accuracy requirements of the 

study and the available computational resources. They ensure that the simulation results are 

reliable and physically realistic while managing the computational effort required. These 

values are typically validated against convergence studies and established standards to ensure 

they are appropriate for the problem at hand. A physical time-step of 0.01 s, at the maximum 

iteration of 1000, was taken to achieve acceptable convergence. Moreover, Figure 24 displays 

the inlet section's mass flow rate and average static pressure at the stationary domain outlet. 

The design parameters and numerical boundary conditions are depicted in Tables 2 and 3, 

respectively. 
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Figure 23: Mesh sensitivity analysis 

 

 
Figure 24: Base case setup 

 

Table 2:       Design Parameters  

Head (H) 0.5 m 

Number of blades 3 to 12 

Hub-blade angle 15° to 22° 

Rotational speed Varying 2.5 to 4.08 rad/s 

Source: Kueh et al. (2017) 

 

Table 3:       Numerical Boundary Conditions 

Inlet Mass flow 

Outlet Average static pressure 

Turbulence model Shear Stress Transport (SST) 

Phase type Phase (Air and Water at 25°C) 
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3.1.3 Base Model Validation  

The base model, according to Kueh's experimental work (Kueh et al., 2017), was developed 

for the numerical study. The numerical analysis parameters were extracted and listed, and their 

efficiencies were calculated based on the base model's parameters. The flow pattern and the 

velocity vectors were observed in each case. In the numerical analysis's first approach, Ansys 

CFX was used to check the base model's agreement with numerical analysis results.  

3.1.4 Selection of Optimal Parameters (Experimental Design) 

To eliminate the limitation of One Factor At-Time (OFAT), Response surface methodology 

(RSM) was employed to investigate the variables' effect on the GWVPP's performance. The 

RSM is a statistical, theoretical, and mathematical technique for model-building to optimise 

independent variables (Myers et al., 2016). This tool is found in Design-Expert software. 

Factors used by RSM include runner speed (A), hub-blade angle (B), the number of blades (C) 

and blade profile (D). The RSM is designed along with coded and uncoded levels are presented 

in Table 4. Optimal (custom) design and quadratic model were used to design this experiment. 

Twenty-four runs (24), including five (05) interior points, eleven (11) vertex points, six (06) 

plane points and two (02) edge points, were randomly performed. In RSM using Design-

Expert, "coded levels" are standardized values of factors (e.g., −1 to 1) used for simplified 

analysis, while "uncoded levels" are the actual real-world values applied in the experiment. 

Table 4:       Independent Variable (RSM Optimal Custom) 

Independent 

variable 

Symbol Factor Coded low Coded high 

Runner speed (rad/s) A Numeric 2.62 4.08 

Hub-blade angle B Numeric 15° 22° 
Number of blades C Numeric 3 12 

Blade profile D Categoric Flat  Curved 
 

3.1.5 Theoretical Performance Optimisation of the System 

The numerical analysis was used to perform an analysis that the braking system (in the 

experimental study) failed to provide due to significant friction torque requirement during 

experimental analysis, as reported by Kueh et al. (2017). The tested factors include the number 

of blades varying from 3 to 12, hub-blade angle ranging from 15° to 22° at an interval of 1° 

and runner rotational speed ranging from 2.62 to 4.08 rad/s. This approach aimed at 

determining these factors' effect on the final performance of the GWVPP. Optimal selection 

and combination of the parameters were achieved through design expert software v.13. As a 
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result, the efficiency of the base model and the final efficiency of the optimised model were 

related. Additionally, the observation was made on the water flow pattern through the 

simulation tools such as streamlines. 

3.1.6 Theory 

Both transient and steady-state equations can be solved using the Ansys CFX solver. Equations 

5 and 6 show how to express the mass and momentum equations (Inc., 2009): 

 

∂ρ

∂t
+ ∇. (ρU) = 0  

(5) 

 

Where 𝜌 stands for density, U shows the velocity vector Ux;y;z. 

 

 

∂(ρU)

∂t
+ ∇. (ρU⨂U) =   −∇p +   ∇. τ + SM  (6) 

 

Where SM stands for the external source term momentum, ⨂ displays a dyadic symbol and 

stress tensor 𝜏, the is related to the strain rate (Inc., 2009). 

 

 𝜏 = 𝜇(∇𝑈 + (∇𝑈)𝑇 −
2

3
𝛿∇. 𝑈) (7) 

 

Where 𝜇 represents molecular viscosity and T represents static temperature. The velocity fields 

are computed using the mass and momentum conservation equations in numbers 5 and 6. The 

final efficiency of the turbine is the criterion used to assess its performance. Efficiency is the 

ratio of the runner's input power to output power. 

3.1.7 Theoretical Power 

The following steps can be taken to obtain hydropower's maximum power output (Timilsina et 

al., 2018): 

 

 𝑃 =  ρ𝑔𝑄𝐻    (8) 

Where Q is the flow rate, and H is the site's gross head. 

The performance of GWVPP is obtained using its output efficiency, just like with conventional 

hydropower. The GWVPP runner is categorised as a hybrid turbine that combines an impulse 

and a reaction, and the power output is given  in Equation 9 (Mulligan & Casserly, 2010): 
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 𝑃𝑜𝑢𝑡 = 𝑇𝜔 =  
𝑄𝜌(𝑣𝑖−𝑣𝑏)𝑟𝜔

𝑟𝜔
  (9) 

Where T is the torque at the shaft, ω is the angular velocity, and Pout is the shaft power of the 

runner. 

The CFD-Post processing tool's function calculator was utilized to compute the interface 

velocity, runner blade velocity, and generated torque. A rotating domain was assigned to a 

runner. The runner's rotation axis is chosen to be in the y-direction. Equation 10 was used to 

calculate the angular velocity 𝜔: 

 𝜔 =
2. 𝑁. 𝜋

60
 (10) 

Thus, Equation 11 can be used to determine the turbine's efficiency:  

 
𝜂 =

(𝑣𝑖 – 𝑣𝑏)𝑟𝜔

𝑔𝐻
 

(11) 

where vb represents the blade velocity, and vi represents the interface velocity. 

3.2 Experimental Setup 

The experimental test rig is shown in Fig. 25. The experimental system comprises the 1000-

litre water storage tank, a 2-hp centrifugal pump, a 1000-litre overhead reservoir, a GWVPP 

basin, a canal, and a runner assembly. The water from the storage tank was pumped to the 

overhead reservoir. Additionally, to prevent water from the pump from directly flowing into 

the canal, the water is kept in an overhead reservoir and then guided to the canal only by gravity. 

A ball gate valve linked to the pipe from the overhead reservoir was adjusted to regulate the 

water flow rate and create the vortex height. A guide vane constructed of a small metallic sheet 

in the upstream channel was welded to produce a notch angle. As a result, the water was 

allowed to enter the basin tangentially via the canal. The basin and canal were positioned above 

the water storage tank. The outflow from the basin was collected by the water storage tank and 

recirculated using a centrifugal pump. The GWVPP runner has been designed to optimize the 

experimental design with specific parameters such as a 16° blade-hub angle, six blades, and a 

curved blade profile. These parameters were selected based on my previous study (Faraji et al., 

2022). In addition, replicates or controls were incorporated into the design to ensure that the 

data obtained was reliable and statistically significant. The performance of the GWVPP runner 

was evaluated by measuring the rotating speed (by using a digital tachometer RS 445-9557) 

and torque (using a prony brake dynamometer) at various operating speeds. The experimental 
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test rig was positioned at the main campus of the Nelson Mandela African Institution of Science 

and Technology (NM-AIST). Figure 26 illustrates the production drawings of the runner for: 

(a) Orthographic view and (b) Isometric view. The provided drawings were used during the 

fabrication of the runner.  

 
Figure 25: Three-dimensional GWVPP experimental setup 

 
(a) (b) 

Figure 26: Curved runner (a) orthographic view (b) isometric view, all dimensions 

are in mm 

Other components that were essential for developing the experimental setup are presented in 

subsections (a) – (f).  
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(a) Blade frame/support: To keep the blades securely in place along the axis of the vortex 

core, a frame of mild steel sheet and angle iron were utilized. In addition, two bearings 

(CFK P206) were installed in the top frame to provide for frictionless contact. 

(b) Overhead reservoir frame: The frame to support an overhead reservoir was fabricated 

from the black pipe steel of class B. Frame specifications is shown in Table 1. 

(c) Pump: Water was supplied to an overhead reservoir by a pump. The pump was a two-

hp centrifugal pump with 120 litres per minute discharge capacity. In addition, a pump 

was utilized to transfer water from the storage tank to the overhead reservoir.  

(d) Piping: A flexible pipe of 50 mm diameter was utilised to supply water from the 

overhead reservoir to the inlet of the basin. A ball valve was used to control the flow 

rate. 

(e) Storage tank: A storage tank was installed to create a closed loop of water flow to 

prevent wastage. The water from the basin outlet was collected in the storage tank and 

then pumped back to the overhead reservoir. The water storage tank with a capacity of 

1 m3 (1000 litres) was fabricated from a mild steel sheet.  

(f) Overhead reservoir: An overhead reservoir was also considered to create an artificial 

flow to the canal. Direct flow of water from a pump to the canal was avoided because 

it is believed the pump would induce flowrate. The overhead reservoir eliminates the 

initial water velocity imposed by the water pump. Thus, the overhead reservoir stores 

the water that eventually flows to the canal inlet. The overhead reservoir was bought 

from stores with a capacity of 1 m3 (1000 litres). The outlet of the overhead reservoir 

is coupled with a ball valve to regulate the water flow. 

3.2.1 Materials Selection  

Locally available materials, mainly steel, were utilized to fabricate the GWVPP experimental 

set-up (runner, canal, stand and basin). The reason for using steel to fabricate the experimental 

test rig was to facilitate the system's mobility and portability and reduce the cost of the system. 

A summary of the materials, specifications and the number of materials used to fabricate an 

experimental rig setup is given in Table 5. 
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Table 5:       The Experimental Rig Setup Materials, Specifications and Quantity 

Part  Materials Specifications Quantity 

Basin Mild steel sheet 1570x500x2 mm 1 pc* 

Canal Mild steel sheet 2100x400x2 mm 1 pc 

Runner Mild steel sheet 

Black pipe 

300x180x2 mm 

Φ50x300 mm 

6 pcs 

1 pc 

Storage tank Mild steel sheet 

Mild steel sheet 

Mild steel sheet 

Angle iron 

2000x600x2 mm 

1000x600x2 mm 

2000x1000x2 mm 

40x40x3 mm 

2 pcs 

2 pcs 

1 pc 

2 pcs 

Runner support Square hollow 

section 

Angle Iron 

Mild steel shaft 

Bearing 

20x20x1.5 mm 

40x40x3 mm 

Φ40x1200 mm 

CFK P206 

2 pcs 

1 pc 

1 pc 

2 pcs 

Prony brake Square hollow 

section 

Wire rope 

Bolt and nut 

Iron block 

20x20x1.5 mm 

Φ8x800 mm 

M12x150 mm 

12x12x300 mm 

1 pc 

1 pc 

1 pc 

1 pc 

Overhead reservoir 

Frame 

Black pipe (class B) 

Square hollow 

section 

Φ100x2500 mm 

40x40x2 mm 

6 pcs 

4 pcs 

* pc – piece 

3.2.2 Basin and Canal Fabrication 

The basin and canal structures were constructed with mild steel iron sheets. The specifications 

of the canal and basin are given in Table 1. The production drawings of the basin and canal are 

shown in Fig. 27. A metal sheet of the same material property was used at the inlet to alter the 

inlet width according to the optimized design of the basin. Based on the findings of Ansys CFX 

reported in previous work by Faraji et al. (2022), the dimensions of the optimized basin were 

used for the basin and canal fabrication.  
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(a) (b) 

Figure 27: Basin and canal (a) orthographic view (b) isometric view. all dimensions 

are in mm 

3.2.3 Blade Fabrication 

The runner for experimental work was a curved blade profile type with six (6) blades. The 

blades were all constructed from 1 mm mild steel sheets. The reason for using this material 

was to reduce the cost and acquire the runner's shape easily. The fabricated blades are shown 

in Fig. 28.  

 

 

 
Figure 28: Fabricated blades for experimental setup (a) blades (b) blades with shaft 

support 

 

3.2.1 Data Collection and Analysis 

For experimental data collection, firstly, the flow rate was determined by closing the aperture 

at the basin's bottom and opening the overhead reservoir valve. A stopwatch was used to record 

the time it took to fill the basin. This flow rate measuring method is also known as bucket or 

volumetric. Some previous investigations employed the same approach to measuring open 

channel flow rate (Gheorghe-Marius & Tudor, 2013; Marian et al., 2013; Nishi & Inagaki, 

2017). Equation 12 was employed to determine the flow rate, Q, for the existing system. 

a 

b 
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 Q = 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑠𝑖𝑛

𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑡𝑜 𝑓𝑖𝑙𝑙 𝑡ℎ𝑒 𝑏𝑎𝑠𝑖𝑛
 (12) 

The top frame is a black pipe class B that was fastened to the centre of the basin to support the 

shaft coupled with the bearings along the axis of the vortex air core. A Prony braking 

mechanism was utilised to measure the brake force (F) to determine the system's torque. A 

braking system was designed and installed at the runner shaft to measure the output power at 

various operating speeds. Furthermore, the braking system was tightened at various strengths 

to provide varying friction torques to the runner. The friction torque simulates the runner's 

operational load; hence, the required operating speed is determined. Moreover, scales were 

connected at both ends of the brake rope to quantify the tension force differential. The friction 

torque was calculated using this difference. Testing of the experimental test rig involved the 

determination of torque and rotational speed in revolution per minute (rpm) of the runner. A 

digital tachometer (RS 445-9557) measured the runner's rotational speed with a sensitivity of 

±0.1rpm. The tachometer has a laser ray pointed to a reflector fixed on the runner blade whose 

speed is to be measured. The turbine was released to rotate freely. Then the runner's rotational 

speed was measured using a tachometer device (An average of three readings) was considered. 

Data collection began with the runner at rest, followed by flow initiation. Data collection 

started after the runner's rotational speed had been stable for about 20 seconds. As the brakes 

were applied, they caused the turbine to stop. In addition, during the experimental testing, the 

scale reading (scale 1 & scale 2) in gram (g) and the rotational speed in rpm of the blade were 

recorded. The system's output power, torque, and efficiency were determined by equations 13, 

14 and 15, respectively.  

The output power from the runner was determined using the following equation (Dhakal et 

al., 2017). 

 

 

 Poutput =
2𝜋𝑔𝑟𝑁

60
 (Mweight  −  Mcounterweight) (Dhakal et al., 2017; 

Mulligan & Hull, 2010) (13) 

Where, r is the radius of pulley 

Mweight is the mass of scale one 

Mcounterweight is the mass of scale two 

 

   𝑇 = 𝑔𝑟∆𝑚 (14) 
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Where, 𝑔, is the acceleration due to gravity, r is pulley radius, ∆𝑚 is the change in mass 

between scale 1 and scale 2. 

 

  
 η =

𝑇ω

𝜌𝑄𝑔𝐻
 

(15) 

 

Where 𝜔 is rotational speed in revolutions per minute, H, is head. 

 

3.2.2 Exergy Analysis of the System 

The first law of thermodynamics is applied to determine the system's exergy. Exergy analysis 

is relevant to the study because it provides a detailed assessment of the system's efficiency by 

focusing on the quality of energy and identifying inefficiencies. It aids in optimizing system 

performance, comparing different technologies, and understanding sustainability impacts. By 

incorporating exergy analysis, the study can achieve a more comprehensive evaluation of the 

system and identify opportunities for improvement and innovation. The control volume of the 

GWVPP is considered an open system to conduct the system's exergy analysis (Fig. 29). The 

exergy analysis of a hydropower system for the control volume at a steady state is given by 

Equation 16 (Abuelnuor et al., 2020). 

 

  
0 = ∑ (1 −

𝑇𝑜

𝑇𝑗
) 𝑄̇ − 𝑊 + ∑ 𝑚𝑖𝑒𝑓𝑖

𝑖
− ∑ 𝑚𝑒𝑒𝑓𝑒

𝑒
− 𝐸𝑑 

(16) 

 

where 

Tj = temperature in the boundary (K). 

To = temperature in the environment (K). 

W = energy transfer via control volume (W). 

m = mass flow rate (kg/s). 

Q = heat transfer rate (W). 

But, 

ef = h−ho −To(s−so) + 0.5 (V2) + gz 

ho = enthalpy of the environment (kJ/kg). 

h = enthalpy of the working fluid (kJ/kg). 

V = velocity of the working fluid (m/s). 

g = acceleration gravity (m2/s). 

s = entropy of the working fluid (kJ/kg K). 
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so = entropy of the environment (kJ/kg K). 

Ed = exergy destruction due to irreversibility (W). 

z = elevation (m). 

The control volume operates at ambient conditions, which are assumed to be 25°C temperature, 

1 atm of static atmospheric pressure, and 1,000 kg/m3 density of water. These assumptions will 

reduce equation 16 to equation 17, which is utilized to calculate 𝐸𝑑  : 

  

  
𝐸𝑑 = ṁ [(

𝑐1
2 − 𝑐2

2

2
) + 𝑔(𝑧1 − 𝑧2)] − 𝑊 

(17) 

 

Where 𝑐1 and 𝑐2 are the water velocities in m/s at the inlet and outlet, respectively.  Water 

velocities were determined through the division of flowrate by respective inlet and outlet areas 

and 𝑧1 and 𝑧2 are elevations in m at the inlet and outlet, respectively. Elevations were measured 

by taping measure, as shown in Fig. 29.  

 

 

 
Figure 29: Schematic of exergy flow at the controlled volume of GWVPP system 

 

Considering the conservation of energy of the controlled system, the steady flow energy 

equation (SFEE) is utilized to calculate the work done by the system. Equation 18 (Dixon & 

Hall, 2013) was utilized to determine the work-done in W of the system. 

  
ṁ (ℎ1 +  

𝑐1
2

2
+ 𝑧1𝑔) + 𝑄 =  ṁ (ℎ2 +  

𝑐2
2

2
+ 𝑧2𝑔) + 𝑊 

(18) 
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Where h1 and h2 are the specific enthalpies at the inlet and outlet, respectively, 
1

2
c2 is the kinetic 

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

 

For a hydraulic turbine, the assumption is that 

(i) No heat transfer, Q = 0; 

(ii) Work W = +W work produced 

(iii) No change in internal energy; 𝑢1 = 𝑢2 

 

Thus, ℎ1 − ℎ2 = 𝑢1 + 𝑝1𝑣1 − (𝑢2+𝑝2𝑣2) 

Since, 𝑢1 = 𝑢2 

Then, 

ℎ1 − ℎ2 = 𝑝1𝑣1 − 𝑝2𝑣2) 

And equation 5 becomes 

 

  
ṁ (𝑝1𝑣1 +  

𝑐1
2

2
+ 𝑧1𝑔) =  ṁ (𝑝2𝑣2 +  

𝑐2
2

2
+ 𝑧2𝑔) + 𝑊 

(19) 

 

Thus, the exergy efficiency 𝜑 =
𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡

𝐸𝑥𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
 

 

  
𝜑 =

𝑊

𝑊 + 𝐸𝑑
 

(20) 

 

3.2.3 Experimental Error Analysis 

In this study, an error analysis was conducted to identify and quantify sources of error in the 

experimental measurements. The tachometer used for speed recording, and the scales used for 

measuring masses were identified as potential sources of error. Since the experiment involved 

repeated tests, it was necessary to perform an error analysis to simultaneously capture the 

random uncertainty in measurement and the physical process (Bachynski et al., 2019). To 

compute the random uncertainty of the experimental data, Equation 21 was used: 

 

  
𝑆𝑅 =

𝑆𝑥

√𝑁 − 1
 

(21) 

 

Where Sx is the standard deviation of both speed and mass quantities. 
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The potential impact of errors on the tachometer and scale measurements on the power, torque, 

and efficiency parameters was taken into account by propagating the error. To assess the degree 

of error propagation, Equation 22 was utilized to determine the propagated error on power, 

while Equation 23 was utilized to determine the propagated error on torque. Furthermore, 

equation 24 was employed to compute the propagated error on efficiency (Figliola & Beasley, 

2020). 

 

  
𝛿𝑃 = 𝑃√(

𝛿𝜔

𝜔
)

2

+ (
𝛿∆𝑚

∆𝑚
)

2

  
(22) 

 

 

  𝛿𝑇 =  𝛿∆𝑚  (23) 

 

 

  
δη = η√(

𝛿𝑇

𝑇
)

2

+ (
𝛿𝜔

𝜔
)

2

  
(24) 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Validation of the Results of Numerical against Experimental 

The numerical validation process involved a meticulous analysis of the experimental test data 

conducted by Kueh et al. (2017), revealing a compelling level of concurrence between the 

numerical simulations and the actual experimental results. The outcomes of this validation 

effort are concisely presented in Fig. 30, which comprehensively showcases the combined 

numerical and experimental results obtained from conducting tests using both flat and curved 

blade profiles. The primary objective of these tests was to systematically evaluate the 

compatibility and agreement of the numerical approach with the established experimental 

method. By subjecting the numerical simulations to rigorous scrutiny against the experimental 

data, the researcher sought to assess the accuracy and reliability of the numerical approach in 

accurately capturing the complex phenomena under investigation. The comparison of the 

numerical and experimental results yielded encouraging outcomes, as they exhibited a 

commendable level of agreement. The small deviations observed between the numerical and 

experimental data serve as noteworthy points of discussion. Specifically, when examining the 

flat blade profile, a marginal deviation of merely 0.6% was observed at a rotational speed of 

3.72 rad/s. 

Similarly, a slightly higher but still negligible deviation of 1.11% for the curved blade profile 

was recorded at a rotational speed of 3.56 rad/s. These minimal discrepancies underscore the 

overall robustness and reliability of the numerical approach in accurately simulating the vortex 

system and reproducing the experimental findings. The successful validation of the numerical 

approach through its agreement with the experimental results holds profound implications for 

future investigations and optimization endeavours. The remarkable consistency between the 

numerical and experimental outcomes strongly indicates that the numerical approach can be 

effectively harnessed to investigate deeper into the dynamics of the vortex system. Leveraging 

the numerical simulations for the optimization process enables researchers to gain 

comprehensive insights into the underlying mechanisms governing the system's behaviour, 

thereby facilitating the refinement of design parameters and the enhancement of overall 

performance. The remarkable level of agreement between the numerical and experimental 

results also highlights the immense potential of the numerical approach in augmenting future 
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research endeavours. The numerical method offers a cost-effective and time-efficient 

alternative to extensive experimental testing. It proves to be an invaluable tool for studying 

complex phenomena and conducting parametric analyses in a virtual environment. Leveraging 

this capability can significantly expedite the design optimization process, enabling engineers 

and researchers to explore various design scenarios efficiently, ultimately leading to more 

efficient and effective design solutions. In conclusion, the numerical validation process, 

anchored in the experimental test data by Kueh et al. (2017), showcases a remarkable alignment 

between the numerical simulations and the experimental results.  

3.2 3.4 3.6 3.8 4.0 4.2

0

5

10

15

20

25

3.2 3.4 3.6 3.8 4.0 4.2

0

5

10

15

20

25

 Experimental efficiency

E
ff

ic
ie

n
cy

 (
%

)

Speed (rad/s)

 Numerical efficiency

 

3.2 3.4 3.6 3.8 4.0 4.2

0

5

10

15

20

25

3.2 3.4 3.6 3.8 4.0 4.2

0

5

10

15

20

25

Experimental

Speed (rad/s)

E
ff

ic
ie

n
cy

,%

 Numerical

 
(a) (b) 

Figure 30: Numerical versus experimental (a) flat blade profile (b) curved blade 

profile 

4.2 Numerical Optimisation of Parameters by Response Surface Methodology 

In the research study, the Design-Expert software played a crucial role in proposing the actual 

design parameters for the Gravitational Water Vortex Power Plant (GWVPP). These design 

parameters, along with their associated responses obtained through the utilization of Ansys 

CFX software, are meticulously presented in Table 6. This table serves as a comprehensive 

reference, showcasing the specific values of the design parameters and the corresponding 

responses, which could be numerical values representing the efficiency of the GWVPP. The 

output generated by the Design-Expert software proved to be highly valuable as it provided an 

unaliased quadratic model to analyze and predict the efficiency of the GWVPP. By employing 

this quadratic model, the researcher gained a deeper understanding of the intricate relationship 

between the design parameters and the overall efficiency of the GWVPP. The quadratic model 

offers a versatile framework for comprehending how to design parameter variations that impact 

the GWVPP's performance, providing valuable insights for subsequent analysis and 

optimization. 
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To capture the findings from the study, Equations 25-26 were derived, representing the final 

models of the quadratic equations for GWVPP efficiency. These equations were derived using 

the data and insights obtained from Design-Expert and Ansys CFX software. Equations 25-26 

provide a concise mathematical representation of the complex relationship between the design 

parameters and the efficiency of the GWVPP. By plugging specific values for the design 

parameters into these equations, researchers and engineers can make accurate predictions about 

the efficiency of the GWVPP, enabling informed decision-making and optimization strategies. 

The integration of Design-Expert and Ansys CFX software in this research study showcases 

the power of utilizing multiple tools and approaches in the design and analysis process. Design-

Expert facilitates the generation of a quadratic model, while Ansys CFX provides a robust 

platform for simulating and calculating the responses of the GWVPP efficiency. This integrated 

approach allows for a comprehensive exploration of the design space, enabling researchers to 

understand the underlying factors influencing the performance of the GWVPP. 

In conclusion, the utilization of Design-Expert and Ansys CFX software, along with the 

subsequent derivation of quadratic models and equations, significantly contributes to the 

advancement of GWVPP design and optimization. The findings from this study, as presented 

in Table 6 and Equations 25-26, provide researchers and engineers with valuable insights to 

enhance the efficiency and sustainability of GWVPP systems, ultimately driving progress 

towards a cleaner and more renewable energy future.  
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Table 6:       Simulated Factors and Their Responses 

 

  

Efficiency (flat profile)  

=  24.3584 −  7.60184A +  2.11494 B −  1.40191C 

−  0.0393932AB +  0.588195AC +  0.0671479BC 

− 0.171252A2  −  0.0674256B2  −  0.142724C2 (25) 

 

Efficiency (curved profile)

=  24.3584 −  7.60184A +  2.11494 B −  1.40191C 

−  0.0393932AB +  0.588195AC +  0.0671479BC 

− 0.171252A2  −  0.0674256B2  −  0.142724C2 (26) 

 Factor 1 Factor 2 Factor 3 Response 1 Response 2 

Run A: speed B: Angle C: blades Efficiency (flat) Efficiency (curved) 
 rad/s °  %  %  

1 3.277 18 8 16.02 18.07 

2 3.613 18 7 14.08 17.20 

3 3.613 18 7 14.08 17.20 

4 2.620 16 6 23.32 25.89 

5 4.080 18 12 9.47 11.20 

6 3.905 22 7 10.09 12.88 

7 3.327 15 11 11.28 13.09 

8 2.620 17 12 12.05 16.87 

9 4.007 18 6 12.48 14.60 

10 3.327 15 11 11.28 13.09 

11 4.080 15 12 8.5 9.80 

12 3.182 20 3 15.52 17.30 

13 3.606 22 12 11.82 13.35 

14 3.606 22 12 11.82 13.35 

15 3.080 15 8 17.42 18.20 

16 2.890 15 3 17.55 20.63 

17 4.080 22 3 8.08 11.54 

18 2.620 22 6 19.32 21.03 

19 2.620 20 7 19.89 21.50 

20 3.613 18 7 17.02 18.74 

21 4.080 15 3 9.11 12.06 

22 3.182 20 3 15.25 16.90 

23 2.839 19 3 18.42 21.24 

24 2.620 22 12 13.87 15.55 
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4.3 Statistical Analysis 

4.3.1 Model Fitting 

The effects of various independent variables on the performance of the GWVPP (Gravitational 

Water Vortex Power Plant) efficiency are presented in Table 6. These independent variables 

include runner speed (A), hub-blade angle (B), the number of blades (C), and blade profile (D). 

The results obtained from the experimentation show that the efficiency of the GWVPP was 

influenced differently by these variables. Specifically, the efficiency of the curved blade profile 

increased by 3.65%, indicating its superiority over other profiles. On the other hand, the flat 

blade profile showed a comparatively smaller improvement of 1.69%. To further analyze the 

relationship between the independent variables and the response variable, coefficients of the 

quadratic equation were derived from the experimental data. These coefficients enabled the 

prediction of the values of the response variable based on the given independent variables. In 

order to evaluate the adequacy of the model, the lack of fit F-value was computed for both 

blade profiles. In the case of the flat profile, Table 8 reveals a lack of fit F-value of 1.02, 

suggesting that the lack of fit is insignificant compared to the pure error. Similarly, for the 

curved profile, the F-value was found to be 4.26, indicating that the lack of fit is also 

insignificant in this case. Table 7 provides additional information on the response 

transformation and the fitting of the model, which aids in understanding the relationship 

between the independent variables and the efficiency of the GWVPP. 

Table 7:       Response Transformation and Model Fitting 

Response 

(Efficiency) 

Response range Ratio* Fitting Transformation 

Curved 9.80 – 25.89 2.64 Quadratic None 

Flat 8.08 – 23.32 2.89 Quadratic None 

* Ratio of maximum to minimum response 

4.3.2 Analysis of Variance  

Analysis of Variance (ANOVA) was conducted to ensure the validity and reliability of the 

derived model. The ANOVA aimed to assess the model's goodness of fit by testing the 

regression model's significance and the lack of fit coefficient. The evaluation was based on the 

determination of the F-value, which represents the confidence level, and the p-value, which 

indicates the probability value associated with the model's significance. Table 8 presents the 

results of the ANOVA, showcasing the outputs obtained from Equation (25) and (26). The F-
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values of the GWVPP efficiency model for the flat profile and curved profile were found to be 

30.02 and 37.62, respectively. Furthermore, the corresponding p-values for both profiles were 

determined to be less than 0.0001. These F-values and p-values provide crucial information 

regarding the significance and statistical accuracy of the models. 

The high F-values and extremely low p-values indicate that the derived models are indeed 

significant and statistically accurate. The probability of obtaining such high F-values by chance 

or noise is only 0.01%. Therefore, it can be concluded with a high degree of confidence that 

the terms A, B, C, AB, AC, BC, A2, B2, and C² are all significant factors in the model. The 

ANOVA results provide strong evidence that the selected independent variables significantly 

impact the GWVPP efficiency. The models' confidence level and statistical accuracy confirm 

the reliability of the derived equations and their ability to explain and predict the efficiency of 

the GWVPP based on the given factors.

Table 8:       ANOVA for the Quadratic Model 

 Flat profile       Curved profile 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F-

value 
p-value 

   Sum of 

square 
df 

Mean 

square 

F-

value 

p-value 

Model 316.54 9 35.17 30.02 
< 

0.0001 
348.20 9 38.69 37.62 

< 

0.0001 

A-speed 161.28 1 161.28 137.65 
< 

0.0001 
178.28 1 178.28 173.37 

< 

0.0001 

B-Angle 0.01 1 0.0103 0.0088 0.9265 1.82 1 1.82 1.77 0.2047 

C-blades 27.94 1 27.94 23.85 0.0002 34.59 1 34.59 33.63 
< 

0.0001 

AB 0.07 1 0.0658 0.0562 0.8161 5.38 1 5.38 5.23 0.0382 

AC 25.84 1 25.84 22.05 0.0003 13.87 1 13.87 13.49 0.0025 

BC 9.29 1 9.29 7.93 0.0137 11.83 1 11.83 11.51 0.0044 

A² 0.03 1 0.0305 0.0260 0.8741 3.55 1 3.55 3.45 0.0843 

B² 2.84 1 2.84 2.42 0.1421 8.98 1 8.98 8.74 0.0104 

C² 37.18 1 37.18 31.73 
< 

0.0001 
31.73 1 31.73 30.86 

< 

0.0001 

Residual 16.40 14 1.17   14.40 14 1.03   

Lack of 

Fit 
10.60 9 1.18 1.02 0.5228 12.74 9 1.42 4.26 0.0625 

Pure 

Error 
5.80 5 1.16   1.66 5 0.3322   

Cor 

Total 
332.94 23    362.59 23    
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Table 9 provides a comprehensive summary of the statistical parameters derived from the 

study. The R2 or the coefficient of determination, is a statistical metric that indicates the 

percentage of variation in the dependent variable (the outcome or target being predicted) that 

is accounted for by the independent variable(s) (the predictors) in a regression model. The 

closer the R2 value is to 1, the better the model fits the data. The R2 values obtained for the flat 

and curved blade profiles were found to be 0.9507 and 0.9603, respectively. These R2 values 

demonstrate that the quadratic model employed in this study adequately captures and describes 

the influence of the independent variables, including speed (A), hub-blade angle (B), blade 

number (C), and blade profile (D), on the GWVPP efficiency. The higher the R2 value, the 

closer it is to one, indicating a better fit of the model to the actual data (Myers & Cook, 2016). 

In addition to the R2 values, the predicted R2 values for both the flat and curved profiles were 

compared to the adjusted R2 values. This comparison revealed a strong correlation between the 

predicted and adjusted R2 values, suggesting that the data obtained from Ansys CFX are 

accurate and that any deviations observed are insignificant. These findings further validate the 

predicted models, indicating that they can be effectively utilized to explore the design space. 

Moreover, the study found that the predicted R² values of 0.8165 and 0.8555 for the flat and 

curved profiles, respectively, reasonably agree with the adjusted R² values of 0.9191 and 

0.9348. The difference between the predicted and adjusted R² values is less than 0.2, further 

reinforcing the reliability and robustness of the models. Overall, the statistical parameters 

presented in Table 9, including the R2 values, the correlation between predicted and adjusted 

R2 values, and the agreement between predicted and adjusted R² values, provide strong 

evidence that the quadratic models employed in this study accurately represent the relationship 

between the independent variables and the GWVPP efficiency for both flat and curved blade 

profiles. 

Table 9:       Statistical Parameters 

Parameter Flat profile Curved profile  

Standard deviation 1.08 1.01 

Mean 13.99 16.30 

C.V. % 7.74 6.22 

R2 0.9507 0.9603 

Adjusted R2 0.9191 0.9348 

Predicted R2 0.8165 0.8555 

Ade. precision 19.0980 23.0059 
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A graph comparing the actual data with the simulated data was plotted to assess the model's 

validity. This graph aimed to visualize and analyze the relationship between the experimented 

data and the predicted values. The residuals, which represent the difference between the 

experimented data and the predicted values, were also examined to evaluate the accuracy of 

the model. 

Figure 31a–b depicts the correlation between the predicted and simulated data. The data points 

were observed to be clustered around the line of best fit, indicating a strong agreement between 

the simulated data and the predicted values. The absence of any noticeable abnormalities or 

deviations from the line of best fit further supports the validity of the models. The graph 

provides compelling evidence that the simulated data aligns well with the predicted values. The 

close alignment between the predicted and simulated data indicates that the model accurately 

captures the relationships between the independent variables and the GWVPP efficiency. This 

alignment also suggests that the model is capable of generating reliable and consistent 

predictions, as the simulated data closely matches the actual data without any significant 

discrepancies. Overall, the graph of actual versus simulated data, along with the observed 

correlation and absence of abnormalities, supports the conclusion that the model is valid and 

capable of accurately predicting the GWVPP efficiency based on the given independent 

variables. 

 

 
 

Figure 31: Predicted vs simulated values for the efficiency of (a) flat profile, (b) 

curved profile 
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4.4 Derived Models Interpretation 

The Design-Expert software was utilized to generate response graphs, which offered a 

comprehensive and visually appealing representation of the interactions among the factors 

examined in this study. These response graphs played a crucial role in understanding the 

relationships between each parameter and their collective impact on the overall performance 

of the GWVPP (Wanchat et al., 2013). To capture the intricate interactions and visualize the 

effects of the independent variables, both three-dimensional (3D) plots and contour plots were 

employed. These plots provided a comprehensive view of the relationships between the factors 

and their contributions to the final performance of the GWVPP. In Fig. 32 – 34, the surface 

plots for both the flat and curved runner profiles were presented. These plots offer a multi-

dimensional representation of the relationships among the independent variables and the 

GWVPP performance. Examining the surface plots makes it easier to comprehend the complex 

interactions and observe the effects of the individual parameters on the response variable. The 

3D plots allow for a visual exploration of the response variable in relation to the changes in the 

independent variables. The contour plots, on the other hand, provide a two-dimensional 

visualization of the response variable by illustrating the lines of constant response along the 

planes defined by the independent variables. This enables a clearer understanding of the effects 

of each parameter and their combined influence on the GWVPP performance. 

Overall, the response graphs obtained from the Design-Expert software, including the 3D and 

contour plots presented in Fig. 32 – 34, provide valuable insights into the interactions among 

the factors under investigation. These plots offer a powerful visualization tool to interpret the 

relationships between the independent variables and the performance of the GWVPP, 

enhancing our understanding of the system and aiding in the design and optimization processes. 

Figure 30 showcases the blending characteristic between two crucial factors: speed (A) and 

hub-blade angle (B). The surface plots presented provide valuable insights into the influence 

of these two factors on the final efficiency of the system, considering both the flat and curved 

blade profiles. Upon analyzing the surface plots, it becomes evident that both speed and hub-

blade angle significantly impact the efficiency of the system being studied. The surface plots 

illustrate the complex interactions between these factors and their combined effect on the 

performance of the system. 

It is worth highlighting that the optimal values leading to maximum efficiency differ based on 

the blade profile. For the flat blade profile, the surface plots indicate that the highest efficiency 
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is achieved at lower speeds, specifically in the 2.62 to 2.90 rad/s range. Within this speed range, 

the optimal hub-blade angle falls between 15 to 19 degrees. This finding suggests that a lower 

speed and a specific hub-blade angle contribute to achieving optimal efficiency for the system 

with a flat blade profile. On the other hand, for the curved blade profile, the surface plots 

indicate that the optimal efficiency is obtained at a lower speed range of 2.62 to 2.70 rad/s. 

Similar to the flat blade profile, the optimal hub-blade angle for the curved profile is observed 

to be between 15 to 19 degrees. The insights gained from these findings can guide the design 

and operation of the system, as they identify the specific combinations of speed and hub-blade 

angle that yield the highest efficiency for each blade profile. By focusing on the optimal speed 

and angle ranges, engineers and designers can make informed decisions to enhance the overall 

performance and efficiency of the system. 

Figure 32 depicts the interactions between two important factors, speed (A) and hub-blade 

angle (B). These plots provide valuable insights into the contribution of speed and hub-blade 

angle to the performance of the GWVPP across all the profiles studied. It is evident from the 

plots that both parameters play a significant role in determining the performance of the 

GWVPP within specific ranges. Analyzing Fig. 32 (a) for the flat profile, a shallow bell-shaped 

structure can be observed. This indicates that the performance of the GWVPP is influenced by 

both speed and hub-blade angle, with an optimal range of values that leads to the best 

performance. The plot's shape suggests an interplay between these two factors, and their 

combined effect contributes to the system's overall efficiency. This finding aligns with existing 

literature on the subject, including the works of Dhakal et al. (2014), Khan et al. (2018), 

Rahman et al. (2017), and Timilsina et al. (2018) which also highlight the significance of speed 

and hub-blade angle in GWVPP performance. 

On the other hand, Fig. 32 (b) reveals a strong bell-shaped structure in the interactions for the 

curved profiles. This indicates that speed and hub-blade angle have a pronounced impact on 

the performance of the GWVPP for the curved profiles. The distinctive bell-shaped structure 

emphasizes the importance of finding the optimal values for these factors to achieve the highest 

efficiency. The agreement of these findings with previous research further strengthens their 

significance and highlights the consistency of the relationship between speed, hub-blade angle, 

and GWVPP performance. 

Overall, Fig. 32 provides clear visual evidence of the interactions between speed and hub-blade 

angle and their impact on the performance of the GWVPP across different profiles. The 
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presence of bell-shaped structures in both the flat and curved profiles underscores the critical 

role of these factors and their interplay in determining the system's overall efficiency. These 

findings align with existing literature, confirming the significance of speed and hub-blade angle 

in optimizing GWVPP performance. 

Figure 33 examines the effects of interactions between factor A (speed) and factor C (number 

of blades). The plots provide insights into how these two factors influence the performance of 

the GWVPP. Notably, a clear bell-shaped structure is observed for the flat profile in Fig. 33 

(a), while the plots for the curved profile in Fig. 33 (b) exhibit a twisting pattern. The bell-

shaped structure seen in Fig. 33 (a) indicates that both speed and the number of blades have a 

significant impact on the performance of the GWVPP with a flat blade profile. The plot 

suggests that there is an optimal range of values for both speed and the number of blades that 

leads to maximum efficiency. Within this range, the system achieves its highest performance. 

The presence of the bell-shaped structure confirms the importance of appropriately selecting 

the values for speed and the number of blades to optimize the GWVPP's efficiency for the flat 

blade profile. 

Contrasting this, Fig. 33(b) displays a twisting pattern for the curved profile. The twisting 

nature of the plot suggests a more complex interaction between speed and the number of blades 

for the curved profile. While there is still an optimal range of values for both factors, the 

twisting pattern implies that the interaction between speed and the number of blades is not 

optimally blended. This twist may indicate that achieving maximum efficiency requires 

balancing these two factors for the curved profile. This observation is consistent with past 

research (Khan et al., 2018), which emphasizes the importance of finding the optimal 

combination of factors for GWVPP performance. 

Additionally, it is noteworthy that the optimal values for maximum efficiency in both the flat 

and curved profiles correspond to lower speeds, ranging from 2.62 to 2.90 rad/s for the flat 

profile and 2.62 to 2.70 rad/s for the curved profile. Furthermore, the optimal number of blades 

falls within the range of 3 to 7 for both profiles. These findings highlight the importance of 

carefully selecting speed and the number of blades to achieve the best performance for the 

GWVPP system. Furthermore, the influence of factor B (hub-blade angle) and factor C 

(number of blades) on the performance of the GWVPP is examined to gain a deeper 

understanding of their impact. The flat and curved profiles are considered, and the 

corresponding plots are shown in Fig. 34 (a) and 34 (b), respectively. In both plots, a bell-
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shaped structure is evident, indicating a significant relationship between the hub-blade angle 

and the number of blades with the performance of the GWVPP. This behaviour suggests that 

these two factors play crucial roles in determining the efficiency and overall performance of 

the system. The presence of the bell-shaped structure reinforces the findings of several studies 

in the literature (Dhakal et al., 2017; Dhakal et al., 2014; Khan et al., 2018; Power et al., 2016; 

Timilsina et al., 2018). 

These studies have consistently shown that the runner's speed follows a bell-shaped curve, 

implying that the performance of the GWVPP initially increases as the speed rises. However, 

after reaching an optimal speed, the performance starts to decline. The bell-shaped structure 

observed in Fig. 34 (a) and Fig. 34 (b) suggests a similar trend for the hub-blade angle and the 

number of blades. It implies that there is an optimal range for both factors that yields the highest 

efficiency of the GWVPP. Deviating from this range, whether by increasing or decreasing the 

values, leads to a decrease in performance. The agreement between these findings and the 

existing literature underscores the importance of carefully selecting the hub-blade angle and 

the number of blades to optimize the GWVPP performance. Designers and engineers can use 

this knowledge to identify the optimal range for these factors, ensuring the system operates at 

its peak efficiency. 

 

 

 

 

Figure 32: Three Dimensional Plot and contour for (a) flat profile, (b) curved profile 

(factors A and B) 

(a) 

(b) 
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Figure 33: Three Dimensional Plot and contour for (a) flat profile and (b) curved 

profile (factors A and C) 
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(b) 
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Figure 34: Three Dimensional Plot and contour for (a) flat profile and (b) curved 

profile (factors B and C) 

4.5 Experimental Results 

Figure 35 provides a comparison between the efficiency results obtained from numerical and 

experimental studies. The numerical results were obtained by considering various performance 

parameters such as rotational speed, number of blades, hub-blade angle, and blade profile, as 

documented in a previous study by Faraji and others (Faraji et al., 2022). On the other hand, 

the experimental results were based on optimized numerical parameters and aimed to determine 

the performance efficiency of the GWVPP systems.  

For the experimental performance (EP), the maximum efficiency achieved was 23.75% at a 

rotational speed of 33.08 rpm. In contrast, the numerical performance (NP) yielded a higher 

maximum efficiency of 25.89%. Although the numerical efficiency surpassed the experimental 

(a) 

(b) 
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results, the findings closely resemble the numerical analysis presented in my previous work 

(Faraji et al., 2022). The higher values obtained in the numerical results can be attributed to 

the ideal conditions assumed in the numerical approach, where frictional forces were not 

considered.  

Notably, a notable convergence between the numerical and experimental results was observed 

at a rotational speed of 33 rpm, with both approaches yielding an efficiency of 25%. 

Additionally, at higher rotational speeds, the centrifugal forces significantly impacted the 

vortex height, leading to increased torques on the runner blades (Khan et al., 2018). 

Consequently, it can be concluded that, considering certain experimental limitations such as 

mechanical losses, the experimental design effectively predicts the results quantitatively and 

accurately.  

 
Figure 35: Efficiency versus rotation speed 

 

4.5.1 Determination of Volume Flow Rate  

Several calculations were performed based on the given parameters to determine the volume 

flow rate. Firstly, the volume of the basin was determined using the formula: 

The volume of the basin = 𝜋r2h 
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The radius of a basin, r = 0.25 m 

Height of the basin, h = 0.5 m 

Then volume of the basin = 3.14 x (0.25 m)2 × 0.5 m= 0.098125 m3 

Time t spent to fill the basin = 32 seconds 

Then the volume rate, 𝑄̇ = 
𝑉𝑜𝑙𝑢𝑚𝑒

𝑇𝑖𝑚𝑒
  =

0.098125

32
 = 0.003066 m3/s 

Therefore, the volume flow rate is determined to be 0.003066 cubic meters per second (m3/s). 

This value represents the rate at which the basin is filled with fluid over a given period. 

4.5.2 Performance Analysis of GWVPP Runner 

The performance results of the GWVPP runner showed that the output power varied between 

2.96 and 7.33 W (Fig. 36), torque ranged from 0.08 to 0.23 Nm (Fig. 37), and efficiency ranged 

from 9.84 to 25.35% (Fig. 38). The efficiency presented in this study (25.35%) was slightly 

higher as compared the experimental studies (Kueh et al., 2017). The higher efficiency of a 

GWVPP runner exhibited in this study was due to optimised working parameters (speed, blade-

hub angle, number of blades and blade profile) reported by Faraji et al. (2022) was 25.89%.  

The efficiency of experimental work is slightly lower, signifying that the numerical analysis 

assumed ideal conditions. Furthermore, performance curves were developed to understand 

each parameter better, as depicted in Fig. 36-38. The developed performance curves visually 

represent the relationship between the input and performance parameters, allowing for a more 

in-depth data analysis. The findings revealed that at a speed of 2.64 rad/s, the maximum power 

of 7.63 W and maximum torque of 0.231 Nm were observed, as shown in Fig. 34 and 35. 

Additionally, the highest efficiency of 25.35% was achieved at the same speed, as depicted in 

Fig. 36. As reported in the literature, it is believed that at this speed, the vortex flow is stable 

and lacks distortion (Dhakal et al., 2017; Khan et al., 2018). Moreover, the stability and 

distortion-free vortex flow contribute to the excellent performance observed in the experiment. 

It provides a constant and uniform water flow to the turbine, resulting in maximum power, 

torque, and efficiency output. When the rotational speed is reduced through the braking system 

application, the performance parameters decrease due to the existence of a distorted vortex 

caused by flow disturbance of the vortex and change in water level in the basin. Therefore, 

optimal speed is crucial in ensuring the maximum output of the runner's power, torque, and 
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efficiency. The maximum power and torque observed at a rotational speed of 2.64 rad/s are 

noteworthy, as they indicate that this speed is optimal for the runner to perform at its highest 

level.  

Furthermore, the findings show that the output power, torque, and efficiency are highly 

dependent on the rotational speed of the runner. Through the experimentation, the following 

findings were observed. A zero-output power, torque, and efficiency value correspond to the 

maximum rotational speed (3.26 rad/s) without braking force (load) on the shaft. Upon 

applying the load (through the braking system), the rotational speed decreased as the power, 

torque, and efficiency performance parameters increased. An increase in the performance 

parameter values while the rotational speed decrease suggests an increase in braking force and 

undistorted flow of the vortex, where this trend is supported by various literature such as Khan 

et al. (2018) in Fig. 7. 

Further reduction of the rotational speed of 2.64 rad/s through the braking system application 

also decreases the performance parameters. This trend of reduction in performance parameter 

values is attributed to the existence of a distorted vortex due to flow disturbance of the vortex 

and change in the water level in the basin (Khan et al., 2018; Kueh et al., 2017). The 

performance parameters and rotational speed showed an inverse relationship until a maximum 

value was reached before the performance parameters started to decline, which aligns with the 

results of other similar studies such as Khan et al. (2018) in Fig. 9,  Ullah et al. (2019) in Fig. 

7-12 and (Saleem et al., 2020) in Fig. 16. Similarly, the literature reports that the highest 

efficiency is achieved when the runner's rotational speed is half the vortex's speed (Mulligan 

& Casserly, 2010; Rahman et al., 2016). The reason being the vortex flow creates a pressure 

gradient along the turbine blades, which causes them to generate lift and rotate. If the runner 

rotates too slowly, the lift generated by the blades will be insufficient to turn the turbine 

efficiently. On the other hand, if the runner rotates too quickly, the lift generated by the blades 

will be too high and cause unnecessary drag, reducing the turbine's efficiency. 

These findings have practical implications for designing and optimising similar GWVPP micro 

hydropower systems. By understanding the relationship between input and performance 

parameters, engineers can optimize the system's efficiency and performance by adjusting the 

input parameters accordingly. Overall, the results of this study provide valuable insights into 

the design and operation of micro hydropower systems and can inform future research in the 

field. 
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Figure 36: Effect of rotation speed on runner power 

 
Figure 37: Effect of rotation speed on runner torque 

 
Figure 38: Effect of rotation speed on runner efficiency 
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4.5.3 Exergy Analysis  

The exergy efficiency of the GWVPP runner was determined to be 43.58% using Equation 9. 

This exergy efficiency surpasses the values reported in other studies conducted by Hossain et 

al. (2020) (35.0% to 39.2%) and Maruf et al. (2021) (35.07% to 36.59%). The high exergy 

efficiency of the GWVPP runner can be attributed to the optimized working parameters of the 

experimental rig, including speed, blade-hub angle, number of blades, and blade profile. The 

obtained exergy efficiency of the GWVPP runner signifies the proportion of input energy that 

is effectively converted into useful work. It provides a measure of the valuable work that can 

be obtained from the available energy sources within the system. It indicates the extent to which 

energy is degraded into less useful forms, such as heat or waste (Rosen & Dincer, 2001). The 

exergy efficiency represents the quality of energy utilization in a system and quantifies the 

fraction of the maximum possible useful energy output over the input energy. 

By achieving a higher exergy efficiency, the GWVPP runner demonstrates its capability to 

convert a significant portion of the input energy into useful work while minimizing energy 

degradation. This highlights the effectiveness of the optimized operational parameters in 

maximizing the utilization of available energy sources and minimizing energy losses in the 

system. The higher exergy efficiency obtained in this study indicates a more efficient utilization 

of energy resources, leading to improved overall performance and sustainability of the GWVPP 

runner. 

4.5.4 Error Analysis Results 

The error ranges reported for power, torque, and efficiency measurements play a crucial role 

in assessing the reliability and accuracy of the experimental results. In this study, the power 

error range varied from 0.1 to 0.5 W. Examining Fig. 34, it is evident that the power 

measurements exhibit a high level of consistency, with the data points showing a relatively low 

variation. This consistency indicates that the power measurement process was reliable and 

produced reliable results. On the other hand, the torque error range was relatively lower than 

the power error range, ranging from 0.01 to 0.03 Nm. Referring to Fig. 35, it is observed that 

the torque measurements also demonstrate a high degree of consistency, with minimal variation 

among the data points. This suggests that the torque measurement process was more reliable 

and less susceptible to errors compared to the power measurement process. 
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One possible explanation for the difference in error ranges between power and torque 

measurements is the propagation of errors in these parameters. The power error is influenced 

by two parameters, namely speed and mass, which can introduce additional sources of error. 

On the other hand, the torque error is contributed by only one parameter: speed. With fewer 

parameters involved in the torque measurement process, the potential for error propagation is 

reduced, leading to more reliable and consistent results. Overall, the reported error ranges 

provide valuable insights into the accuracy and precision of the experimental measurements. 

The consistency observed in the power and torque measurements indicates the reliability of the 

measurement techniques employed in this study, while the differences in error ranges highlight 

the importance of considering error propagation when assessing measurement uncertainties.  

Upon examining the efficiency error range, it is evident that the errors are generally low, with 

the majority falling within the 1.3-3.1% range. Figure 36 illustrates the efficiency 

measurements, showing a trend of decreasing efficiency with increasing power output, which 

aligns with the expected behaviour of a GWVPP system. However, some variations in the data 

points are also observed, particularly at higher power outputs. The presence of variations in the 

efficiency measurements can be attributed to a combination of random and systematic errors 

inherent in the measurement process. Random errors may arise from factors such as 

fluctuations in environmental conditions or slight inconsistencies in the experimental setup. On 

the other hand, systematic errors may stem from calibration issues or limitations in the 

measurement instruments. The presence of these errors, particularly at higher power outputs, 

can lead to deviations from the expected trend and contribute to the observed variations in the 

data points. 

It is important to note that the efficiency error depends on both power and torque errors, which 

explains the broader range of errors observed in this parameter compared to power and torque 

measurements. Any uncertainties or errors in power and torque measurements can propagate 

and influence the calculated efficiency, potentially leading to larger deviations. Furthermore, 

the results indicate that the error in the efficiency parameter tends to be relatively lower at 

lower rotational speeds and higher at higher rotational speeds. This behaviour can be attributed 

to the interplay between various factors affecting the efficiency of the system, such as fluid 

flow dynamics and mechanical losses. At lower rotational speeds, the system may operate in a 

more stable and controlled manner, resulting in reduced error contributions. In contrast, the 

system may experience more complex fluid flow patterns and increased mechanical losses at 
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higher rotational speeds, leading to higher error magnitudes in efficiency measurements. 

Overall, the error analysis results suggest that this study's experimental setup and 

instrumentation were reasonably accurate, with relatively small errors observed in power, 

torque, and efficiency measurements. While variations and errors exist, they do not 

significantly compromise the overall reliability of the experimental data and conclusions drawn 

from the study.  
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

The performance of the GWVPP is evaluated in this study using numerical and experimental 

methods. The results indicate that the GWVPP is a highly efficient power generation system, 

particularly for low head and flow rates. Furthermore, its ability to generate power easily makes 

it a promising option for power generation. 

This study employed a numerical approach to validate experimental tests through the use of 

Computational Fluid Dynamics (CFD). Key components of the GWVPP were modelled in 3D 

using Solidworks software, including the water canal and basin as stationary domains and the 

runner as a rotating domain. To optimize the interactions of four parameters - runner speed 

(factor A), hub-blade angle (factor B), number of blades (factor C), and blade profile (factor 

D) - Design-Expert software was utilized with the response surface methodology (RSM). The 

parameters were designed with both coded and uncoded levels, and RSM was utilized to 

determine the optimum combination of each parameter for the most efficient blend. This 

approach was chosen to overcome the limitations of one-factor-at-a-time (OFAT) selection and 

improve the system's performance. The findings demonstrate that a numerical approach, when 

combined with appropriate parameter selection, can be utilized to analyze the GWVPP 

effectively. Furthermore, the results revealed that the selected parameters exhibit interactions 

that affect the GWVPP, as observed in the RSM 

The performance of the GWVPP was experimentally examined to validate the numerical study. 

The GWVPP components, including the canal, basin, runner (curved profile), overhead 

reservoir frame, prony brake system, runner support, and overhead reservoir, were designed 

and modelled in 3D using Computer-Aided Design software, Solidworks. The experimental 

test rig was developed based on the optimized parameters from the previous numerical work. 

The experimental efficiency results were compared with the numerical analysis outcomes, and 

the system's exergy analysis and error analysis were performed.  

The numerical results exhibited excellent agreement with the experimental data, albeit with the 

assumption of perfect conditions and no mechanical losses. As a result, the numerical results 

outperformed the experimental results. The numerical study reported curved profiles showing 
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better efficiency of 9.80 – 25.89% over flat profile blades, which exhibited efficiency in the 

8.08 - 23.32% range.  

The experimental results revealed that the efficiency ranged from 9.84% to 25.35%, torque 

ranged from 0.08 to 0.23 Nm, and output power ranged from 2.96 to 7.33 W. The efficiency 

findings from the experimental and numerical studies agreed with an uncertainty of 0.54%. The 

outcome discrepancy was due to the ideal conditions assumed for the numerical study. 

Furthermore, the exergy analysis of the system indicated a value of 43.58%, which was higher 

than the experimental value, indicating some mechanical losses in the experimental efficiency. 

The exergy efficiency of a GWVPP system, which represents the proportion of input energy 

that is converted into valuable work, is a critical performance metric. It gauges the amount of 

valuable work that can be extracted from available energy sources in a system and the degree 

to which energy is lost as heat or waste (Rosen & Dincer, 2001). The exergy efficiency of 

43.58% and the energy efficiency of 25.35% are two different measures of system 

performance. Exergy efficiency quantifies the quality of energy utilized in a system. It denotes 

the fraction of the maximum possible useful energy output over input energy, whereas energy 

efficiency evaluates the system's proficiency in converting input energy into valuable output 

energy. Exergy efficiency is generally expected to exceed energy efficiency since it considers 

energy quality. In this case, the GWVPP system's exergy efficiency of 43.58% is more 

significant than its energy efficiency of 25.35%, indicating that the system utilizes energy 

relatively efficiently.  

The study's error analysis provides valuable information on the accuracy and reliability of the 

experimental measurements for power, torque, and efficiency. The power error range was 

found to be between 0.1 and 0.5 W, with a low variation in the data points. The torque error 

range was relatively lower than the power error range, ranging from 0.01 to 0.03 Nm, and the 

torque measurements showed a low variation in the data points. The efficiency error range was 

generally low, with most errors falling within the 1.3-3.1% range. However, some variation in 

the data points was observed, particularly at higher power outputs. This variation could be due 

to a combination of random and systematic errors in the measurement process. It is important 

to note that the efficiency error depends on both power and torque errors, which explains the 

broader range of errors observed in this parameter. The error analysis results suggest that the 

experimental setup and instrumentation were reasonably accurate, with relatively small errors 

observed in power, torque, and efficiency measurements. 
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Additionally, the results indicate that the error in the efficiency parameter is relatively lower at 

lower rotational speeds and higher at higher rotational speeds. The study underscores the 

potential of GWVPPs as a viable alternative to traditional hydropower plants, given their low 

initial investment, simple design, ease of maintenance, and low head utilisation. Overall, the 

study has shown that the GWVPP system has significant potential as an effective and low-cost 

solution for generating electricity, and further research could help to optimize its performance 

and make it a viable alternative to traditional energy sources. 

5.2 Recommendations 

The aim of this research was to explore the potential of using gravitational water vortex power 

plants (GWVPPs) for energy generation. Both numerical and experimental approaches were 

utilized in this study. To make GWVPPs a viable option for generating energy from low head 

and low flow rate water bodies, further research should focus on the:  

(i) Evaluate the effect of guide vane in GWVPP systems since this component is crucial 

to conventional hydropower systems. 

(ii) Perform testing of the proposed blade profiles in different basin geometries. 

(iii) Explore the use of alternative mesh structures, such as structured tetrahedrons, in 

numerical analysis to compare their performance and establish a baseline. 

(iv) Develop advanced control systems for GWVPPs to optimize power generation and 

protect the system from adverse hydraulic conditions, such as flooding or debris 

accumulation. 

(v) Conduct economic and environmental assessments of GWVPPs to evaluate their 

viability as a renewable energy source and compare them with other energy generation 

options. 

(vi) Collaborate with stakeholders, including water resource managers, regulators, and local 

communities, to identify potential sites for GWVPP installation and assess the social 

and environmental impacts of the technology. 
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(vii) The study mainly focuses on short-term efficiency and performance metrics. To make 

GWVPPs a more attractive option, further research should consider long-term 

performance and durability under various conditions. 

(viii) To make GWVPPs a viable renewable energy source, conducting economic and 

environmental assessments is crucial. This should include a comparison with other 

energy generation options to determine its competitiveness and sustainability. 
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APPENDICES 

Appendix 1: The GWVPP experimental setup storage tank 
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Appendix 2: The GWVPP experimental setup reservoi 
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Appendix 3: The Runner unit with its support 
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Appendix 4: The GWVPP experimental setup frame support 
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Appendix 5: Comparison of numerical and experimental efficiencies (flat runner 

profile) 

Speed, rad/s Numerical efficiency Experimental efficiency 

4.08 0 0 

3.87 9.22 9.01 

3.72 18.76 18.16 

3.43 20.87 20.29 

3.27 21.04 21.28 
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Appendix 6: Comparison of numerical and experimental efficiencies (curved runner 

profile) 

Speed, rad/s Numerical efficiency Experimental efficiency 

4.08 0 0 

3.93 9.79 9.00 

3.84 17.11 16.52 

3.80 20.05 19.08 

3.56 22.24 21.13 
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Appendix 7: The GWVPP experimental data (Efficiency) 

Speed Efficiency Efficiency error 

3.26 0 0 

3.12 9.84 1.9 

3.05 12.07 2 

3.03 15.6 2.2 

2.97 20.07 2.5 

2.96 22.96 1.5 

2.9 24.38 3.1 

2.64 25.35 1.6 

2.42 20.69 1.5 

2.27 15.93 2.6 

2.13 13.34 1.4 

1.91 12.34 1.3 
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Appendix 8: The GWVPP experimental data (Power) 

Speed Power Power error 

3.26 0 0 

3.12 2.9587 0.3 

3.05 3.6297 0.3 

3.03 4.6931 0.3 

2.97 6.03707 0.4 

2.96 6.90575 0.2 

2.9 7.33396 0.5 

2.64 7.6261 0.2 

2.42 6.2242 0.2 

2.27 4.7912 0.4 

2.13 4.01273 0.2 

1.91 3.71117 0.1 
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Appendix 9: The GWVPP experimental data (Torque) 

Speed Torque Torque error 

3.26 0 0 

3.12 0.07848 0.01 

3.05 0.0981 0.02 

3.03 0.12753 0.02 

2.97 0.16677 0.02 

2.96 0.19129 0.01 

2.9 0.20601 0.03 

2.64 0.23053 0.02 

2.42 0.20111 0.01 

2.27 0.16187 0.03 

2.13 0.14225 0.01 

1.91 0.14225 0.01 
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Appendix 10: Scale 1 reading and error calculation 

Trial Values Average Deviation Deviation square SD Standard error, SR 

1 0 0.000 0 0 0.0000 0.0000 

0 0 0 

0 0 0 

2 0.11 0.127 -0.017 0.000289 0.0153 0.0108 

0.13 0.003 0.000009 

0.14 0.013 0.000169 

3 0.19 0.197 -0.007 0.000049 0.0115 0.0081 

0.21 0.013 0.000169 

0.19 -0.007 0.000049 

4 0.22 0.220 0.000 0.000000 0.0100 0.0071 

0.21 -0.010 0.000100 

0.23 0.010 0.000100 

5 0.28 0.293 -0.013 0.000169 0.0231 0.0163 

0.32 -0.013 0.000169 

0.28 0.027 0.000729 

6 0.34 0.333 0.007 0.000049 0.0115 0.0081 

0.32 -0.013 0.000169 

0.34 0.007 0.000049 

7 0.43 0.440 -0.010 0.000100 0.0265 0.0187 

0.47 0.030 0.000900 

0.42 -0.020 0.000400 

8 0.48 0.467 0.013 0.000169 0.0153 0.0108 

0.45 -0.017 0.000289 

0.47 0.003 0.000009 

9 0.58 0.583 -0.003 0.000009 0.0058 0.0041 

0.58 -0.003 0.000009 

0.59 0.007 0.000049 

10 0.67 0.657 0.013 0.000169 0.0321 0.0227 

0.62 -0.037 0.001369 

0.68 0.023 0.000529 
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Trial Values Average Deviation Deviation square SD Standard error, SR 

11 0.76 0.763 -0.003 0.000009 0.0058 0.0041 

0.76 -0.003 0.000009 

0.77 0.007 0.000049 

12 0.86 0.843 0.017 0.000289 0.0153 0.0108 

0.84 -0.003 0.000009 

0.83 -0.013 0.000169 
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Appendix 11: Scale 2 reading and error calculation 

Trial Values Average Deviation Deviation square SD Standard error, SR 

1 0 0.000 0.000 0.000000 0.0000 0.0000 

0 0.000 0.000000 

0 0.000 0.000000 

2 0.28 0.283 -0.003 0.000009 0.0058 0.0041 

0.28 -0.003 0.000009 

0.29 0.007 0.000049 

3 0.38 0.387 -0.007 0.000049 0.0115 0.0081 

0.4 0.013 0.000169 

0.38 -0.007 0.000049 

4 0.46 0.477 -0.017 0.000289 0.0153 0.0108 

0.49 0.013 0.000169 

0.48 0.003 0.000009 

5 0.63 0.623 0.007 0.000049 0.0058 0.0041 

0.62 -0.003 0.000009 

0.62 -0.003 0.000009 

6 0.72 0.717 0.003 0.000009 0.0058 0.0041 

0.72 0.003 0.000009 

0.71 -0.007 0.000049 

7 0.84 0.850 -0.010 0.000100 0.0100 0.0071 

0.86 0.010 0.000100 

0.85 0.000 0.000000 

8 0.95 0.953 -0.003 0.000009 0.0058 0.0041 

0.96 0.007 0.000049 

0.95 -0.003 0.000009 

9 1 0.987 0.013 0.000169 0.0153 0.0108 

0.97 -0.017 0.000289 

0.99 0.003 0.000009 

10 0.99 0.997 -0.007 0.000049 0.0058 0.0041 

1 0.003 0.000009 

1 0.003 0.000009 
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Trial Values Average Deviation Deviation square SD Standard error, SR 

11 1.03 1.047 -0.017 0.000289 0.0153 0.0108 

1.06 0.013 0.000169 

1.05 0.003 0.000009 

12 1.12 1.123 -0.003 0.000009 0.0058 0.0041 

1.13 0.007 0.000049 

1.12 -0.003 0.000009 
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Appendix 12: Tachometer reading and error calculation 

Trial Values Average Deviation Deviation square SD Standard error, SR 

1 3.25 3.260 -0.010 0.00010 0.0265 0.0187 

3.29 3.290 10.82410 

3.24 3.240 10.49760 

2 3.10 3.120 -0.020 0.00040 0.0200 0.0141 

3.12 3.120 9.73440 

3.14 3.140 9.85960 

3 3.04 3.047 -0.007 0.00005 0.0115 0.0081 

3.04 3.040 9.24160 

3.06 3.060 9.36360 

4 3.01 3.027 -0.017 0.00029 0.0208 0.0147 

3.05 3.050 9.30250 

3.02 3.020 9.12040 

5 2.96 2.970 -0.010 0.00010 0.0100 0.0071 

2.98 2.980 8.88040 

2.97 2.970 8.82090 

6 2.95 2.957 -0.007 0.00005 0.0208 0.0147 

2.94 2.940 8.64360 

2.98 2.980 8.88040 

7 2.92 2.903 0.017 0.00029 0.0153 0.0108 

2.89 2.890 8.35210 

2.90 2.900 8.41000 

8 2.63 2.643 -0.013 0.00017 0.0115 0.0081 

2.65 2.650 7.02250 

2.65 2.650 7.02250 

9 2.41 2.420 -0.010 0.00010 0.0100 0.0071 

2.43 2.430 5.90490 

2.42 2.420 5.85640 

10 2.28 2.273 0.007 0.00005 0.0115 0.0081 

2.28 2.280 5.19840 

2.26 2.260 5.10760 
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Trial Values Average Deviation Deviation square SD Standard error, SR 

11 2.13 2.130 0.000 0.00000 0.0100 0.0071 

2.14 2.140 4.57960 

2.12 2.120 4.49440 

12 1.90 1.913 -0.013 0.00017 0.0115 0.0081 

1.92 1.920 3.68640 

1.92 1.920 3.68640 
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Appendix 13: Experimental data summary 

Exp 

no 

Volume flow 

rate 

m3/s (Q) 

Scale 1 

(kg) 

Scale 2 

(kg) 

Mass 

change 

(∆𝒎), kg 

Torque, Nm 

(grp∆𝒎) 

Input 

power, W 

(𝜌g𝑄𝐻) 

Operating 

speed 𝝎, rad/s 

Output power, 

W (𝝎grp∆𝒎) 

Efficiency, 

% 

1 0.003066 0.00 0.00 0.00 0.00 30.0775 3.26 0.00 0.00 

2 0.003066 0.12 0.28 0.16 0.07848 30.0775 3.12 2.958696 9.84 

3 0.003066 0.19 0.39 0.20 0.0981 30.0775 3.05 3.6297 12.07 

4 0.003066 0.22 0.48 0.26 0.12753 30.0775 3.03 4.693104 15.60 

5 0.003066 0.28 0.62 0.34 0.16677 30.0775 2.97 6.037074 20.07 

6 0.003066 0.33 0.72 0.39 0.191295 30.0775 2.96 6.9057495 22.96 

7 0.003066 0.43 0.85 0.42 
0.20601 

30.0775 2.90 7.333956 24.38 

8 0.003066 0.48 0.95 0.47 
0.230535 

30.0775 2.64 7.6260978 25.35 

9 0.003066 0.58 0.99 0.41 
0.201105 

30.0775 2.42 6.22419975 20.69 

10 0.003066 0.67 1.0 0.33 
0.161865 

30.0775 2.27 4.791204 15.93 

11 0.003066 0.76 1.05 0.29 
0.142245 

30.0775 2.13 4.01273145 13.34 

12 0.003066 0.83 1.12 0.29 
0.142245 

30.0775 1.91 3.71117205 12.34 
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Appendix 14: Technical drawings of the experimental rig 
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Exergy analysis and performance testing of a gravitational water vortex 

turbine runner for small hydropower plants: An Experimental Approach 

 

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 torque 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. On the basis of the analyzed 

results, the newly developed vortex runner and GWVPP system is therefore recommended for 

energy generation in low-head and flow rate small hydropower plant systems.  

 

Keywords – Micro-hydropower; gravitational water vortex; runner; exergy efficiency; test rig.  
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Introduction 

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 generating over 100 kW but less than 1 MW (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 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, Khan et al., 2018).  
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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 running was 82% more efficient than twisted and straight 

blades, outperforming the other two 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. 
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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. 

 

 
Figure 39: 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 
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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 × 500 × 2 mm 1 pc* 

Canal Mild steel sheet 2100 × 400 × 2 mm 1 pc 

Runner Mild steel sheet 

Black pipe 

300 × 180 × 2 mm 

Φ50 × 300 mm 

6 pcs 

1 pc 

Storage tank Mild steel sheet 

Mild steel sheet 

Mild steel sheet 

Angle iron 

2000 × 600 × 2 mm 

1000 × 600 × 2 mm 

2000 × 1000 × 2 mm 

40 × 40 × 3 mm 

2 pcs 

2 pcs 

1 pc 

2 pcs 

Runner support Square hollow 

section 

Angle Iron 

Mild steel shaft 

Bearing 

20 × 20 × 1.5 mm 

40 × 40 × 3 mm 

Φ40 × 1200 mm 

CFK P206 

2 pcs 

1 pc 

1 pc 

2 pcs 

Prony brake Square hollow 

section 

Wire rope 

Bolt and nut 

Iron block 

20 × 20 × 1.5 mm 

Φ8 × 800 mm 

M12 v 150 mm 

12 × 12 × 300 mm 

1 pc 

1 pc 

1 pc 

1 pc 

Overhead reservoir 

Frame 

Black pipe (class B) 

Square hollow 

section 

Φ100 × 2500 mm 

40 × 40 × 2 mm 

6 pcs 

4 pcs 

* 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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(a) (b) 

Figure 40: 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 

mild steel sheets to reduce costs and ensure easy shape acquisition, as shown in Figure 3. 

 

 

 
Figure 41: Fabricated blades used in the experimental setup: (a) blades and (b) blades with 

shaft support. 

 

Data collection procedure 

The experiments used the bucket or volumetric method to measure the flow rate by closing 

the basin aperture and opening the overhead reservoir valve, a method similar to previous 

studies (Gheorghe-Marius and Tudor, 2013, Marian et al., 2013, Nishi and Inagaki, 2017). 

Equation (1) was used to determine the flow rate, Q, for the existing system. 

 

 Q = 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑠𝑖𝑛

𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑡𝑜 𝑓𝑖𝑙𝑙 𝑡ℎ𝑒 𝑏𝑎𝑠𝑖𝑛
 (27) 

 

The upper frame of a vortex air core runner was supported using a class B black steel tube 

to support the shaft and bearings. Data was collected by determining the system's torque and 

a 

b 
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rotation speed using Mulligan and Hull (2010) and Dhakal et al. (2017a) 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). 

 

  Poutput =
2𝜋𝑔𝑟𝑁

60
 (Mweight  −  Mcounterweight), (28) 

 

where, r is the radius of the pulley, Mweight is the mass of the first weigh scale, 

and Mcounterweight is the mass of the second weigh scale. 

 

   𝑇 = 𝑔𝑟∆𝑚, (29) 

 

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. 

 

   Η =
𝑇ω

𝜌𝑄𝑔𝐻
, (30) 

 

where, ω 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). 

 

  
0 = ∑ (1 −

𝑇𝑜

𝑇𝑗
) 𝑄̇ − 𝑊 + ∑ 𝑚𝑖𝑒𝑓𝑖𝑖 − ∑ 𝑚𝑒𝑒𝑓𝑒𝑒 − 𝐸𝑑, 

(31) 

 

where Tj = temperature at the boundary (K), To = temperature at the environment (K), W = 

energy transfer via control volume (W), ṁ = mass flow rate (kg/s), Q = heat transfer rate (W). 
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Furthermore, ef = h−ho −To(s−so) + 0.5 (V2) + gz; where ho = enthalpy (kJ / kg), h = enthalpy 

of the working fluid (kJ / kg), V = velocity of the working fluid (m/s), g = acceleration gravity 

(m2/s), s = entropy of the working fluid (kJ/kg K), so = environment entropy (kJ / kg K), Ed = 

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/m3 (density of water). These 

assumptions reduced Equation (5) to Equation (6), which was used to calculate 𝐸𝑑 (exergy 

destruction due to irreversibility). 

 

  𝐸𝑑 = ṁ [(
𝑐1

2−𝑐2
2

2
) + 𝑔(𝑧1 − 𝑧2)] − 𝑊, (32) 

 

where 𝑐1 and 𝑐2 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 

𝑧1 and 𝑧2 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 42: 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 

 

  
ṁ (ℎ1 +  

𝑐1
2

2
+ 𝑧1𝑔) + 𝑄 =  ṁ (ℎ2 +  

𝑐2
2

2
+ 𝑧2𝑔) + 𝑊 

(33) 

 

where h1 and h2 are the specific enthalpies at the inlet and outlet, respectively, 
1

2
c2 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,  𝑢1 = 𝑢2 

 

Thus, ℎ1 − ℎ2 = 𝑢1 + 𝑝1𝑣1 − (𝑢2+𝑝2𝑣2) 

 

ℎ1 − ℎ2 = 𝑝1𝑣1 − 𝑝2𝑣2) 

 

Equation (7) becomes: 
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  𝑊 = ṁ ( 
𝑐1

2−𝑐2
2

2
+ 𝑔(𝑧1 − 𝑧2) + 𝑝1(𝑣1 − 𝑣2) ), (34) 

 

The study calculates the specific volume of a fluid by comparing the atmospheric pressure (𝑝1) 

and specific volumes 𝑣1 and 𝑣2 at the inlet and outlet. 

The exergy efficiency of the system was determined by Equation (9): 

Thus, the exergy efficiency =
𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡

𝐸𝑥𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
  which is according to Vakilabadi et al. (2019), 

Abuelnuor et al. (2020) and Moshi (2021).  

 

  
𝜑 =

𝑊

𝑊 + 𝐸𝑑
 

(35) 

 

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: 

 

  
𝑆𝑅 =

𝑆𝑥

√𝑁 − 1
 

(36) 

 

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

 

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). 

 

 

  
𝛿𝑃 = 𝑃√(

𝛿𝜔

𝜔
)

2

+ (
𝛿∆𝑚

∆𝑚
)

2

  
(37) 
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  𝛿𝑇 =  𝛿∆𝑚  (38) 

 

  
δη = η√(

𝛿𝑇

𝑇
)

2

+ (
𝛿𝜔

𝜔
)

2

  
(39) 

 

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., 2017b, 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. (Khan et al., 2018) in Figure 9(a), Dhakal 

et al. (Dhakal et al., 2017b) in Figure 15, and Kueh et al. (Kueh et al., 2017) in Figure 7.  

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. (Khan et al., 2018) in Figure 9(a), Ullah et al. (Ullah et al., 2019) in 



134 
 

Figures 7−12, and Saleem et al .(Saleem et al., 2020) in Figure 16. 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, 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 43: Effect of rotation speed on runner power.  

 

 

Figure 44: Effect of rotation speed on runner torque.  

 

 

Figure 45: Effect of rotation speed on runner efficiency.  
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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. 

 

3. Conclusion 

The study evaluated the efficiency and capabilities of a gravitational water vortex power 

plant (GWVPP) turbine runner using 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 



137 
 

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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