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ABSTRACT 

 

Abstract of thesis entitled:  

Development of Micro Inline Cross-flow Turbine for Energy Harvesting  

from Urban Water Mains 

Submitted by:                 Du Jiyun 

For the degree of:              Doctor of Philosophy 

at The Hong Kong Polytechnic University in June 2018. 

 

Water supply is of vital importance for urban development and the subsistence of 

urban residents. Due to continually increasing populations and urban development, 

many cities around the world are facing great challenges in securing a reliable water 

supply. However, fresh water is often wasted in the delivery process due to leakage or 

pipe bursting. It is estimated that more than 32 billion m3 of water from water mains 

is wasted every year worldwide. In Hong Kong, for instance, nearly 1200 Mm3 of 

water is delivered through water pipes to residents annually, and the amount will grow 

to 1315 Mm3 in 2030. However, nearly 15% of fresh water was wasted in 2016 due to 

pipe leakage. Therefore, many kinds of water monitoring sensors, including water flow 

sensors, pressure sensors, and acoustic leakage sensors, are used along urban water 

mains for timely detection of water leakage. However, most of the monitoring devices 

are powered by chemical batteries which need to be replaced frequently. The main 

objective of this thesis is to develop a micro inline hydropower technology to provide 

constant and reliable power for the water monitoring system. 

Numerical simulations and experimental methods were first used to develop a 



 

III 

novel inline cross-flow turbine. In the design scheme of the inline turbine, a DN100 

T-joint is integrated to a part of water main, then a cross-flow runner, which connects 

a generator via a shaft, is inserted in the pipe through the T-joint to harvest hydropower 

and transmit power to the generator. Two blocks that are fixed on the pipe inner wall 

are used to let more water flow through the runner, increasing the velocity of water 

that passes through the runner and reducing the resistance of water on the returning 

blades. A prototype with self-adjustable vane was developed by Computational Fluid 

Dynamics (CFD) method. Relevant lab tests were conducted to study the turbine 

performance. The test results could not only prove feasibility of the proposed design 

scheme, but also provide validation for the CFD simulation results. The prototype test 

results showed that the turbine output power at the design point was 69.1W with 2.62m 

water head reduced. Besides, over a flow velocity range varying from 1.2m/s to 2.2m/s, 

the water head loss was always below 5m, so the normal water supply would not be 

affected.  

A novel mathematic design method for the block design was then developed and 

a theoretical analysis on the working mechanism of the cross-flow runner was 

performed. The mathematic design method and theoretical analysis could not only 

provide an understanding of working principle of the inline cross-flow turbine, but also 

show the effects of different geometrical parameters on turbine performance, which 

provides inspirations for performance improvement of the inline cross-flow turbine. 

Furthermore, numerical studies were conducted to investigate the effects of block 

geometries on turbine performance. Several turbine models with different block 

designs were established and simulated. Then output power and water head loss were 

recorded to compare the performance of different turbine models. After that, analysis 

of flow velocity and pressure distribution was performed to study the block’s effects 
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on flow inlet angle, flow separation in the blades passages and water head loss through 

the runner. The analysis could offer an in-depth understanding about the influencing 

mechanism of blocks on turbine performance and provide guidance for the 

determination of the optimal block shape in this research.  

Moreover, the effects of runner geometries on turbine performance were studied 

by CFD simulations. In this research, several turbine models with different runner 

geometries were built and simulated to analyze the output power, water head loss and 

flow characteristics. Therefore, the optimal runner geometrical parameters (i.e. runner 

inlet arc angle, blades outer angle, diameter ratio and blades number) of the inline 

cross-flow turbine can be obtained. Based on the research results, the maximum 

turbine efficiency could reach 50.9% after block and runner optimization. 

Finally, a bidirectional inline cross-flow turbine was newly designed and relevant 

lab tests were performed to study its performance. The experimental results indicated 

that when runner rotation speed was 600rpm, the bidirectional turbine reached its best 

efficiency 17.4% with 190W output power and 4.7m water head reduction, which 

could meet the design requirement in this case study. The case study indicated that the 

research presented in this thesis could provide an effective method for the design of 

inline cross-flow turbine design under different working conditions. 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Water supply is not only of vital importance for urban development, but also 

essential to the subsistence of urban residents. Usually, the water treatment and pump 

stations for urban water supply are located in suburb areas, so long water supply pipes 

are needed to delivery fresh water to every user. Besides, water head in urban water 

supply pipelines is usually very high to ensure consistent water supply throughout the 

urban area [1]. Taking Hong Kong for instance, more than 8000 km water mains are 

laid underground to supply water for over 7 million populations, and due to the hilly 

topography and long pipes, the water head could reach 80m [2]. Similar to most of the 

developed countries, water loss along the water supply pipes in Hong Kong is also a 

perennial problem as a considerable length of water mains has approached the end of 

their service life in the 1990s and the deterioration of water mains may result in severe 

water leakage. Although water leakage can be significantly reduced through the 

replacement and rehabilitation of aged water mains, it is estimated that there is still 

nearly 15% of fresh water wasted in 2016 due to pipe leakage [2].  

However, the deterioration of water mains cannot be stopped. Although replacing 

and rehabilitating aged water mains is an effective way to reduce water leakage, it is 

also time-consuming, costly and will cause inconvenience to residents’ living. With 

the technology development of sensors, telemetry, data analysis software in recent 

years, the Water Intelligent Network (WIN) has been a promising method to maintain 

the healthiness of water supply pipes. The WIN is essentially a continuous monitoring 

system which achieves its function using a lot of monitoring and sensing equipment, 
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including flow meters and pressure sensors. The working principle of the WIN is 

shown in Fig.1.1. To apply the WIN, the water distribution network is divided into a 

lot of District Metering Areas (DMAs) and associated Pressure Management Areas 

(PMAs). The schematic diagram of DMA and PMA is shown in Fig.1.2. In each DMA 

and PMA, high-technology monitoring and sensing equipment are installed to support 

the WIN. By processing data from different sensors, the WIN can fully analyze the 

pipes’ condition and determine the most cost-effective means to maintain their 

healthiness. 

 

Fig.1.1 Working principle of Water Intelligent Network 

 

Fig.1.2 Schematic diagram of DMA and PMA 
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The WIN mainly has four functions when applied in the water supply systems. 

1) Active leakage detection and control using monitoring and sensing equipment 

installed in the network. 

2) Pressure management to reduce pressure without affecting the minimum 

supply pressure to sustain normal supply. 

3) Quality and speedy repairs to water main leaks and bursts 

4) Asset management by re-provisioning of aged water mains which are beyond 

economic repair. 

However, the monitoring and sensing equipment in the WIN are mainly powered 

by traditional chemical batteries which usually have limited lifespans even with 

efficient energy conserving mechanisms [3]. Once the batteries ran out, the WIN 

would stop functioning, so the batteries need to be replaced frequently, resulting in a 

high cost and a huge demand for labor [4]. It has been an important issue for urban 

water supply industry to find an alternative power source for the WIN. Instead of 

chemical batteries, many researchers investigated renewable energies to supply power 

to water monitoring sensors.  

It has been proved in the current research that renewable energy sources including 

vibration, solar energy and wind energy can be adopted to provide power for water 

monitoring system [5][6][7]. However, there are several drawbacks of these renewable 

sources. Firstly, these power sources are uncontrollable and not steadily available, so 

they cannot be harvested whenever wanted [8]. On the other hand, their energy 

harvesters are usually bulky and therefore need more space to install. But most of the 

water monitoring sensors and meters are usually located underground or limited spaces 
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that surrounded by trees or buildings in the urban areas, which significantly restricts 

the application of these renewable sources. In fact, the pressure inside the water supply 

pipes are usually excess to ensure sufficient water supply through the urban area, 

however, the excess water head also possesses a threat to pipe healthiness. As can be 

seen in Fig.1.2, in the water distribution network in Hong Kong, pressure reducing 

valves (PRVs) are installed at the entrance of the PMAs for pressure reduction without 

affecting the minimum supply pressure to sustain normal supply. As shown in Fig.1.3 

is the structure of the PRV. A PRV is a kind of throttling control element with local 

resistance, by changing its throttling area, the flow rate and kinetic energy of fluid that 

flows through the PRV could be changed, resulting in different pressure reduction of 

the fluid. However, the PRV reduces the overall water pressure in pipeline by 

decreasing throttling area to increase water head losses, which means the excess 

energy is wasted and the whole energy efficiency in water supply system (WSS) would 

be adversely affected. Instead of reducing the excess water pressure, this part of water 

head can be harvested by micro turbines for power supply to the WIN.  

 

Fig.1.3 The structure and working principle of the PRV 
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1.2 Requirement of micro hydropower generation in water pipes 

In the past decades, micro hydropower technologies in the domains of remote 

power supply, pumped storage power plant and industrial hydropower recovery have 

been very mature, but micro hydropower generation in water supply pipes has been 

less studied and is still at the developmental stage [9][10]. The main challenge of 

hydropower generation in water supply pipes is the selection or design of proper 

turbines that can meet the requirements of water supply. The requirements are as 

follows:  

1) Compared to rivers, sewage water or other sources for micro hydropower, fresh 

water in the water distribution networks is more fluctuant due to the water demand 

variation over time. Based on the data from the Water Supplies Department (WSD) in 

Hong Kong, the range of flow velocity inside water supply mains is from 1-2m/s. 

2) Although there exists some excess water head in the water pipes, the turbine 

cannot consume too much water head. To avoid negative effects on the normal water 

supply through the whole urban area, the consumed water head cannot exceed 5m 

water. 

3) The generated electricity should meet the power demand of water monitoring 

system, but too much power may possess a huge load on the energy control and storage 

system. Based on the data provided by the WSD of Hong Kong, 40-100W power is 

sufficient for nearly any water monitoring system. 

4) As most of the urban water pipes are laid underground, the installation space 

is very limited and the modification of the pipes should be as slight as possible. 

5) The most important thing is that the application of water turbine cannot have 
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bad impact on the water quality, which possesses a high requirement for the material, 

sealing and lubrication of the water turbines. 

Considering the above requirements, suitable off-the-shelf turbine is not available 

in the market. To harvest hydropower from water supply pipelines, it is necessary to 

design and manufacture a turbine according to the working conditions. 

1.3 Aims and objectives 

This research will focus on the development of technologies that can be applied 

in the water supply mains of the water distribution network in Hong Kong. For 

hydropower harvesting from water mains, the hydro turbine is the key equipment that 

transfer the kinetic energy of water flow into electricity. Besides, it is of vital 

importance to manage and store the generated power. The detailed aims and objectives 

of this research are summarized as follows: 

1) To determine the design scheme of the inline turbine that could be used in the 

water distribution network for hydropower harvesting. Based on the expected working 

conditions and the optimal water head and flow rate of different turbines, the scheme 

will be determined. After that, the feasibility of the proposed scheme will be verified 

using numerical and experimental methods.  

2) To propose a design method for the inline turbine to be used in water mains 

for hydropower harvesting. There have been mature design methods for traditional 

water turbines, however, the inline turbine to be used in water pipes has no mathematic 

method for design or optimization, it is necessary to develop a mathematic method to 

provide guidance for inline turbine design. 

3) To investigate the influencing factors on the performance of inline turbine. 
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Many geometrical parameters of the turbine will have impacts on turbine performance. 

In this study, a series of turbine models with different geometrical parameters will be 

developed with the proposed mathematic method. Then, by using the CFD methods, 

the influencing mechanism of different parameters will be investigated by analyzing 

the pressure and velocity distribution inside the turbine and the results can provide 

guidance for performance enhancement of the inline turbine.  

4) To perform a systematic study to determine the optimal geometrical parameters 

of the inline cross-flow turbines. Based on the numerical analysis, the optimal values 

of different geometrical parameters can be obtained.  

5) A case study will be conducted to verify the proposed design method and the 

research results presented in the thesis. In the case study, a novel inline turbine will be 

developed. Besides, a hydraulic test rig will be built and the performance of the 

developed turbine will be fully investigated.  

1.4 Organization of this thesis 

This thesis consists of nine chapters. The first chapter presents a brief introduction 

of the research background. Besides, the research objectives of the thesis are proposed 

at the end of this chapter. 

Chapter 2 gives a comprehensive literature review of current research. Firstly, a 

review of the existing micro hydropower technologies and the corresponding turbines 

is conducted to choose a proper turbine for this project. By comparing the working 

conditions of different turbines and the requirement of this project, the cross-flow 

turbine is considered an acceptable choice for the research. After that, current 

researches on design and optimization of cross-flow turbine by numerical and 

experimental methods is analyzed and the research gap is identified. Finally, a research 
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flowchart is presented to indicate the research process in this thesis. 

Chapter 3 develops a novel inline cross-flow turbine by numerical and 

experimental methods. Firstly, a design scheme of the inline turbine which consists 

two blocks integrated to the pipe inner wall is proposed. Then, the detailed numerical 

method including meshing scheme, solver setup and boundaries setup, experimental 

method and data analysis method are described. After that, the development of a 

preliminary prototype is introduced. The real performance of the designed prototype 

is investigated in the test rig and a duration test is also conducted. The experimental 

results can not only prove feasibility of the proposed design scheme, but also provide 

validation for the CFD simulation results 

In Chapter 4, a design method for the block is proposed based on fluid continuity. 

After that, the working principle of the runner is analyzed based on Bernoulli’s 

equation. Then the theoretical equation about turbine efficiency related to geometrical 

parameters of the runner is derived to determine the influencing factors of the turbine 

performance. 

Chapter 5 and Chapter 6 investigate the impacts of different block shapes on the 

performance of inline cross-flow turbine. Based on the proposed design method, the 

profile of the block is determined, the numerical investigations are carried out to verify 

the proposed method and study the effects of different block designs on turbine 

performance. The flow velocity, pressure distribution, the numerical output power and 

water head reduction are analyzed, then the optimal block shape is determined. 

Chapter 7 investigates the influence of different runner parameters on the turbine 

performance. Specifically, models with different blades outer angle, runner diameter 

ratio and blades number are developed and simulated. By analyzing the flow velocity, 
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flow inlet angle, pressure distribution, and numerical performance of the turbine, the 

optimal parameters of the runner are obtained.  

In Chapter 8, a magnetic driven bidirectional inline turbine is developed and 

manufactured using the proposed method and the suggested optimal parameters in this 

research. After that, the prototype is tested in a lab test rig to study its performance 

including power output, water head reduction and efficiency.  

Finally, Chapter 9 summarizes the main conclusions and contributions of this 

thesis Besides, some limitations and recommendations for the future work are also 

given in this chapter. 
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CHAPTER 2 LITERATURE REVIEW AND 

RESEARCH METHODOLOGY 

The micro hydropower has obtained sufficient development in the past decades 

and many kinds of water turbines that suitable for different working conditions have 

been developed. Besides, a lot of novel turbines used in water pipes were also designed. 

To enhance the performance of micro hydro turbines, large amounts of research has 

been conducted by theoretical, numerical and experimental methods over the past few 

years. A comprehensive review is provided in this chapter. 

2.1 Micro hydro turbine technologies 

 

Fig.2.1 The classification of micro hydropower turbines [11] 

Micro hydropower generation is one branch of hydropower, this technology is 

mainly used in remote or mountainous areas where national grid could not research for 

electricity generation [12]. Correspondingly, micro hydro turbines which generate 

very reliable power though with very simple designs and fabrications have gained a 

rapid growth in the power generation field [13]. Micro hydro turbines can be mainly 

divided into two types based on their working principle: impulse turbine and reaction 
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turbine. Fig.2.1 shows the detailed category of micro hydro turbines.  

2.1.1 Impulse turbines 

In impulse turbines, hydraulic energy is first converted into kinetic energy in form 

of free water jet by nozzles. The water jet impacts the runner blades and due to change 

of momentum of the jet, a force is created on the runner blades that makes the turbine 

rotate. 

(1) Pelton turbine 

Fig.2.2 shows the detailed structural scheme of Pelton turbine. The runner of 

Pelton turbine is surrounded by several cups, which converts the momentum of water 

from the jet into the kinetic energy of the runner. Generally, Pelton turbine is widely 

used in the micro hydropower sites with high water head and low flow rate [14]. In 

micro hydro power projects, Pelton turbine is usually designed with a single jet and 

the maximum efficiency could research 70-90% [10]. However, in order to keep the 

wheel to clear of flow, the Pelton turbine must be located above the water level of 

tailrace, which results in a huge water head reduction [10]. Besides, Pelton turbines 

are not preferred under low head conditions. 

 

Fig.2.2 The typical structure of Pelton turbine [15] 
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(2) Turgo turbines 

The working principle of Turgo turbines (as shown in Fig.2.3) is similar with that 

of Pelton turbine. For micro hydropower applications, Turgo turbines can be used in a 

wide head range (3-150m) [17]. The efficiency of Turgo turbines depends significantly 

on the jet position, jet inclined angle and speed ratio, in the research of Williamson et 

al., the maximum efficiency is about 90% [17]. However, Turgo turbines are seldom 

put into use in micro hydropower engineering, and the reason why it is preferred by 

very few companies may partly because of the complexity of the runner that makes it 

difficult to manufacture and to some extent, the cost is relatively high [16]. 

 

Fig.2.3 The runner and working principle of Turgo turbines [17][18] 

(3) Cross-flow turbine 

The cross-flow turbine is another typical impulse turbine, and it is widely used 

for micro hydropower projects in some developing countries because that it is almost 

the simplest turbines to be designed and manufactured [19]. 

The cross-flow turbine can be installed in either horizontal or vertical 

configuration and can be applied at high flow rate and low water head. The average 

efficiency of cross-flow turbines is usually 80% for small and micro-power outputs; 

but can reach up to 86% in the case of medium and large units [20]. 
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Fig.2.4 The structure of cross-flow turbine [21] 

2.1.2 Reaction turbines 

In reaction turbines, the water head and flow velocity change when water flows 

through the machine, meanwhile, the change of water pressure and velocity create a 

reaction on the blades, which makes the runner to rotate. Because the pressure is the 

basic condition of energy conversion, the wheel part of a reaction turbine must always 

be full of water. Typical types of reaction turbines applied in micro hydropower 

technology are Francis turbine, Propeller turbine and Pump-as-turbine. These turbines 

will be described in detail in the following paragraphs. 

(1) Francis turbine 

Francis turbine is basically a radial flow machine, where water enters the runner 

through the outer periphery in the radial direction and leaves in the axial direction (as 

shown in Fig.2.5) A Francis turbine is currently the most widely used turbine at 

hydropower stations. It is estimated that the working head range of a Francis turbine 

is between 1m to 900m, so this kind of turbine can be used in micro, medium or large 
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hydropower projects [22]. As for velocity of flow, Francis turbine can be used within 

0.4 to 20 m3/s [22]. The Francis turbine may have a poor performance under part flow 

conditions, it is reported that vibration and mechanical shock may occur when the 

Francis turbine works below 40% of its rated flow rate [23]. 

 

Fig.2.5 The structure of Francis turbine [24] 

(2) Propeller turbines 

The Propeller turbine is a special kind of Kaplan turbine, which is a type of axial 

turbine. For the Kaplan turbine, the runner blades and guide vanes can be made 

adjustable (seen in Fig.2.6(a)) and the flow direction in the turbine is parallel to the 

draft when working (seen in Fig.2.6(b)). In the micro hydropower projects, the blades 

of Kaplan turbine are often made fixed, so in this case, the Kaplan turbine is also called 

Propeller turbine. The Propeller turbine can work optimally between 30% and 100% 

of the maximum design flow [23] and are mostly used in small head hydropower plants. 

For micro hydropower projects, the fixed-blade propeller can simply be encased in a 

section of the penstock. The propeller turbines used in hydropower projects can have 

up to 6 blades [25]. 
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Fig.2.6 The runner and working principle of Propeller turbines [23] 

(3) Pump as turbines 

Generally, pump as turbine (PAT) means a pump operated in reverse as a turbine for 

power generations. When a pump operating in pump mode, as shown in Fig.2.7(a), 

power transfers from the shaft to the impeller and water is sucked into the pump and 

leaving the pump with pressure and kinetic energy. However, when a pump operating 

in reverse as a turbine, as shown in Fig.2.7(b), water with pressure and kinetic energy 

flow into the pump in the outlet and push the impeller to rotate, power transfers from 

the impeller to the shaft. 

  

(a) Pump mode (b) Turbine mode  

Fig.2.7 The structure of pumps as turbines [26] 
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The ability for pumps to operate efficiently in reverse as turbines was first 

established by Thoma in 1931 while mapping the full operating characteristic of a 

centrifugal pump [27]. In 1950s and 1960s, PATs were used in pumped storage power 

plants in developed countries to satisfy the peak power demands. In later years, 

chemical industries became another area for the application of PATs for energy 

recovery [28]. It has been proved by experiments that when a pump operates in a 

turbine mode, its mechanical operation is smooth and quiet; its peak efficiency is same 

as in pump mode; head and flow at the best efficiency point (BEP) are higher than that 

in pump mode and the power output is higher than that the pump input power at its 

best efficiency [29]. 

2.1.3 Turbine selection criteria 

Many factors must be considered in the process of hydro turbine selection, such 

as various ranges of the head, flow rate, shaft speed and specific speed [30]. Besides, 

the performance and cost effectiveness should also be considered when choosing a 

turbine [31]. 

Water head and flow rate are the key elements when selecting a turbine because 

these two parameters determine the classification of turbine type. As analyzed in above 

parts, the Pelton turbine and Turgo turbine are suitable for high water head and low 

flow rate, while the Propeller turbine and cross-flow turbine may have a good 

performance under high water flow rate with low water head. The turbine performance 

is determined on the basis of water head and flow rate, Fig.2.8 shows the operating 

range of different turbines for a given head and flow rate. The figure can also be used 

as a reference for selecting the most suitable micro-hydropower turbine type if a 

certain power output is required. 
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Fig.2.8 The various turbines in terms of head and flow rate [32] 

In addition, the performance of a turbine also relies on the ‘specific speed’, which 

is a dimensionless parameter. The specific speed is determined by the output power of 

turbine, the rotation speed and water head across it, as in the followed equation [33]. 

0.5

1.25

shaft

s

nP
N

H
  (2.1) 

where n is the rotation speed of turbine, rpm; Pshaft is the shaft power, kW; and H is 

the pressure head across the turbine, m. 

In this research, the turbine type is determined based on the performance curves 

of different turbines in Fig.2.8. Based on the above description of commonly used 

micro turbines and the working conditions inside the water mains, the cross-flow 

turbine is likely to be a promising device for the followed reasons: 

1) The cross-flow turbine can operate in a wide range of flow velocity. It can be 
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seen that in Fig.2.8, the cross-flow turbine works under the flow rate from about 

0.3m3/s to 9m3/s. As the water flow rate in urban water mains fluctuates all the time, 

it is necessary that the inline turbine can operate under a wide flow range. 

2) The cross-flow turbine has a stable efficiency in the operating range of flow 

rate. Fig.2.9 indicates the part flow efficiencies of different turbines. Compared to 

other types of turbine, the cross-flow turbine has a smaller starting flow rate and its 

efficiency keeps stable around 80% at the operating flow range. 

3) The simple construction of the cross-flow turbine. Most of the water mains are 

laid underground and it is difficult to maintain the turbines. For application in urban 

water mains, cross-flow turbine is a promising device because its simple construction, 

low cost and easy maintenance. 

 

Fig.2.9 Part flow efficiencies of different turbines [32] 

2.2 Micro hydropower from water supply pipes 

2.2.1 Inline Francis turbines 

Actually, the hydropower potential in water supply pipeline has been noticed for 
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a long time, but it has not been deeply explored worldwide, the main obstacle to the 

implementation of the traditional micro hydropower technologies in the water supply 

mains is the high implementation cost [34]. Some research groups or commercial 

companies developed hydro turbines that suitable for the water supply pipes. 

 

Fig.2.10 On-site product of the Francis turbine developed by Tanaka[35] 

 

Fig.2.11 Working principle of the Francis turbine developed by Tanaka [35] 

In 2005, Tanaka Hydropower Co., LTD in Japan developed an inline Francis 

turbine which is showed in Fig.2.10 and Fig.2.11. The working ranges of water head 

and flow rate are 10-80m and 0.15-0.5m3/s, separately. And its maximum installation 

capacity is 200kW [35]. As can be seen in Fig.2.10, this Francis turbine is designed as 
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pipe insertion type, which makes it easy to be installed and there is no need to change 

the flow path in water pipes. Fig.2.11 shows the working principle of the inline Francis 

turbine, which is little different from the traditional Francis turbine. The volute is 

integrated to the water pipe, water in the pipe is directed by the draft tube and can flow 

through the runner directly. The structure of this novel Francis turbine is very complex, 

and a huge space is needed for its installation.  

Two micro Francis turbines were developed by Hitachi Industrial Equipment 

Systems Co., Ltd, as shown in Fig.2.12. The field tests showed that the output power 

of this micro Francis turbine could be between 2-9kW, the effective water head is 25-

40m while the working flow rate is 0.02-0.05 m3/s, after calculation, the efficiency is 

about 40%. These two turbines are similar to traditional Francis turbine and they can 

be applied in water pipes with small diameters. However, the diameters of urban water 

mains are usually very large, so these kinds of turbine are not suitable for this project. 

Besides, due to the small size of the runner and volute, the water head loss through it 

may be high [36]. 

  

(a) 9kW prototype (b) 3kW prototype  

Fig.2.12 Micro Francis turbine developed by Hitachi [37] 
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2.2.2 Inline cross-flow turbines 

Except for Francis turbine, the cross-flow turbine also draws attention on power 

generation in the WSS. In 2007, a micro cross-turbine was designed by SINFONIA 

Technology Co., Ltd [38] which is shown in Fig.2.13. This turbine is a very compact 

cross-flow turbine integrated with a permanent magnet generator with the output of 

about 1 kW, its working water head is between 0.5-10m, working flow rate is about 

0.004-0.01m3/s and the expected output power is 10-1000W. However, this kind of 

turbine is not available for this project either. Firstly, to use the cross-flow turbine, the 

flow path in water pipe has to be changed, which increases the installation cost 

significantly. Secondly, this cross-flow turbine is preferable to be installed in open 

environment and the output water flow may have no more water head, which is not 

allowed in the water mains. 

 

Fig.2.13 Micro cross-flow turbine for water pipes [38] 

A novel cross-flow turbine which has a simple geometry and stable efficiency in 

a wide flow rate range was developed by Vincenzo Sammartano by experimental 

method [39]. In this cross-flow turbine, rotational velocity adaptation is used to 

improve the turbine efficiency under off-design conditions. The experimental results 
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showed that the efficiency of the developed turbine is more than 65% at the flow rate 

from 32-144m3/h. However, the water head reduction through the turbine is far beyond 

the requirement of this project. For example, at the flow rate of 144 m3/h, the water 

head loss is more than 20m. 

 

(a) Working principle 

 

(b) Prototype 

Fig.2.14 Micro cross-flow turbine developed by Vincenzo Sammartano [39] 

2.2.3 PAT for inline application 

As introduced before, traditional centrifugal pump can be used inverse to operate 

as turbine. Due to the easy access and relative low investment costs, The PATs present 

advantages for using in micro hydropower plants (5–100kW) either as pump or as 

turbine [40]. Furthermore, based on the research of Ramosetal [41], it is possible to 

use pumps as turbines with relatively higher efficiency (up to 85%). So, hydropower 

generation using the PATs in the WSS has attracted increasing attention in the past 



 

23 

decades.  

Garcia et al suggested that in the main pipe of WSS, the maximum installation 

capacity could reach 100kW by using PATs [42]. At Breech in Germany, eight pumps 

are employed in the electricity recovery system to reduce the pipeline pressure along 

with generation of electricity (Fig.2.15), as these pumps are simultaneously used as 

turbines for energy recovery [26]. The total installed capacity was 300 kW and the 

electricity was fed into the grid of the local energy provider by the Regional Water 

Association. In 1996, a PAT was installed in the water supply system of Blackpool in 

England [43], the PAT caused 30m water head drop and generated 3.5 kW electricity. 

The installation of PAT was carried out by tapping into the main pipeline without 

draining the system. This added the cost, but avoided an interruption of water supply 

to consumers. Even so, the cost of the plant, approximately $30,000, was much less 

than the proposed connection to the regional electricity company’s supply, and 

represents a worthwhile investment for the water company.  

 

Fig.2.15 PAT installation in the pumping station at Breech, Germany [26]  

Fontana et al. investigated the water distribution system in one district of Naples 

to assess the energy potential of hydropower generation using the PATs (as shown in 
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Fig.2.16) [44]. In this research, a numerical model based on genetic algorithms was 

firstly developed to determine the optimal PRVs locations in the water distribution 

system for better water pressure control. After that, all or some of the PRVs were 

replaced by the PATs for power generation, results showed that although do not have 

a fine regulation of water head, the PATs did achieve a good balance between 

hydropower recovery and water head reduction. In the three cases of this research, all 

the PATs have better performance in loss reduction than that of PRVs. Besides, the 

generated power of the PATs could be as high as about 2000kWh/day totally, which 

proved that the application of PATs in the WSS is a promising way for electricity 

generation as well as water head reduction. 

 

Fig.2.16 Sketch of locations of PATs in water distribution system [44] 

In the research of Fecarotta et al., a multistage pump for WSS application was 

studied in numerical and experimental ways [ 45 ]. The results showed that the 

performance of a PAT was very different from that of a PRV. For a PRV, the water 

head reduction could be adjusted by changing its opening degree. As to a PAT, due to 

the fixed geometrical characteristics and inner flow space, its performance on water 
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pressure reduction was easily affected by the variation of flow rates. In order to solve 

this problem, A. Carravetta et al designed a PAT installation scheme, in which a bypass 

and two regulating valves were adopted to cooperate with the PAT to adjust the water 

head and flow rate through the PAT (As shown in Fig.2.17) [46]. If the regulation is 

performed only by valves, the series valve dissipates the surplus head while the valve 

in the parallel branch can bypass a part of the discharge, in order to move the available 

operating flow rates and water head reductions onto the characteristic curve of the PAT. 

For an available head higher than the head-drop deliverable by the machine, the valve 

in series (A) dissipates the excess pressure. Instead, when the discharge is larger, the 

PAT would produce a head-drop higher than the available head: in this case the bypass 

(B valve) is opened to reduce the discharge flowing in the PAT. Conversely, if the 

PAT is regulated only by the inverter, the rotational speed is modified to move the 

characteristic curve of the machine, matching the required values of discharge and 

head.In this way the working condition of PAT could stay around its best efficiency 

point and the water pressure reduction was also ensured. Relevant cost-benefit analysis 

of this PAT installation scheme was tested on a water pipe network, results showed 

that the proposed installation scheme was economically acceptable and had little 

impact on the reliability of pipe networks [47].  

 

Fig.2.17 Installation scheme of PAT and valves [45] 
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However, Alatorre-Frenk reported that, in the domain of pumps where impulse 

principle does not work, very low specific speeds can only be achieved by using 

multistage pumps. They can be used as turbines, but their cost advantage over impulse 

turbines may offset by the high cost of multistage pumps compared to that of single-

stage pumps. Also, multistage pumps might be costlier compared with small Pelton, 

Turgo and cross-flow turbines, which can be fabricated in local workshops. Moreover, 

multistage pumps have higher maintenance costs especially for bearings and seals than 

Pelton turbines [48]. 

2.2.4 Lift-type turbine 

A novel lift-type water turbine was developed by Lucid Energy for application in 

water mains. Fig.2.18 shows the main structure of the lift-type turbine which has been 

installed in the water pipes of Portland. It is reported that the newly developed energy 

harvesting system can supply power to an individual building like a school or a library 

[49]. However, this system is only developed for the pipelines which is bigger than 

600mm. 

 

Fig.2.18 Lift-type turbine developed by Lucid Energy [50] 
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2.2.5 Other inline turbines 

Regardless of traditional water turbines, some researchers focus their attention of 

the development of novel turbines. Chen et al. [51] designed a novel vertical axis water 

turbine for hydropower harvesting in DN100 water pipelines in numerical and 

experimental ways. The inline hydroelectric generator unit is developed under the 

demand that the turbine should be inserted in the conduit. The physical diagram is 

showed in Fig.2.19. This kind of turbine has the advantage of easy installation and less 

occupy. But it can only be used in water pipes with small diameter. 

 

Fig.2.19 DN100 inline hydropower generator unit 

Hoffmann [52] developed a radial-flux energy harvester incorporating a three-

phase generator for converting energy from water flow in domestic water pipelines, as 

shown in Fig.2.20. The energy harvester together with a power management circuit 

and energy storage is used to power a smart metering system installed underground 

making it independent from external power supplies or depleting batteries. The energy 

harvester is able to generate up to 720 mW when using a flow rate of 20 l/min (fully 

opened water tab). A minimum flow rate of 3 l/min is required to get the harvester 

started. In this case a power output of 2 mW is achievable.  
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Fig.2.20 Radial-flux energy harvester 

Hao et al. [53]. developed a self-powered smart flow meter cooperated with a 

novel water turbine and it is indicated in Fig.2.21. In this system, a new attempt and 

simple approach was developed to successfully extract a portion of the kinetic energy 

from the fluid/air, store it in a capacitor and used it efficiently. Feasibility was 

demonstrated through repeated experiments: for air flowing in an 11mm diameter pipe, 

18 s of energy harvesting at 10 revolution-per-second turbine speeds generated enough 

power for the flowmeter to operate for 720 s with a flowrate of 20 revolution-per-

second, without battery or any external power. 

 

Fig.2.21 Battery-free smart flowmeter 
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These two super-micro hydro turbines are designed integrates with generator and 

flow meters, so they are very compact. However, this kind of turbine is too small to be 

used in water supply pipeline, which usually has a relatively large diameter. 

2.3 Research on cross-flow turbines 

Cross-flow turbine is a kind of impulse turbine which was first invented by 

Michell in 1904 [54]. Since then, lots of research has been done for the design method 

and performance enhancement of cross-flow turbine. As research on the cross-flow 

turbine used in water pipes is still rare, there has not been a systematic design method 

for inline cross-flow turbine yet. The literature review of conventional cross-flow 

turbine research will provide inspiration for this research. The performance of cross-

flow turbine is significantly affected by its geometry and many researchers 

investigated the influence of different geometrical parameter on turbine performance 

by numerical and experimental methods. In this part, a literature review of the research 

about the effects of different geometrical parameters on the performance of cross-flow 

turbine is presented. 

. 

Fig.2.22 Main geometrical parameters of the traditional cross-flow turbine [55] 



 

30 

Table 2.1 Definition of different geometrical parameters 

Components Symbol Definition 

Nozzle 

B Nozzle width 

S0 Nozzle throat width 

Impeller 

W Impeller Width 

α Attack angle 

λ Impeller inlet arc angle 

D1 Impeller outer diameter 

D2 Impeller inner diameter 

Blades 

β1 Blades outer angle 

β2 Blades inner angle 

ρb Blades Radius 

δ Blades curve angle 

Cross-flow turbines are widely used in micro hydropower projects due to their 

simple structure and easy maintenance. Fig.2.22 shows the main geometrical 

parameters of the traditional cross-flow turbine while Table 2.1 indicates the definition 

of different symbols. Among them, the attack angle α means the angle between the 

flow attack direction and the tangent direction of the impeller at the impeller inlet. 

Blades outer angle β1 is the angle between the flow direction and the tangent direction 

of impeller outer diameter while blades inner angle β2 means the angle between the 

flow direction and the tangent direction of impeller inner diameter. Impeller inlet arc 

angle λ means the available discharge arc along the impeller outer diameter.  
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2.3.1 Effects of nozzle shape 

In conventional cross-flow turbine, a nozzle is often located on the upstream side 

of the runner to accelerate the water flow and direct it to the runner. Large amount of 

research has been done by numerical or experimental methods for nozzle design and 

optimization to improve the overall turbine performance. 

 

Fig.2.23 Nozzle shape design method developed by Sammartano V: (a) Geometrical 

profile; (b) Principle of the design method [54] 

Sammartano et al. [54] proposed a nozzle design method by assuming a linear 

variation of the nozzle inner wall radius r with the angle θ (as shown in Fig.2.23 (a)) 

to obtain an approximately constant attack angle along the impeller inlet. As shown in 

Fig.2.23 (b), the aim of this design method is to ensure that the mass flow rate through 

a cross-section of the nozzle is equal to mass flow rate entering the impeller through 

the inlet arc that from the cross-section to the terminal of the impeller inlet, that is  

1 1( sin )
2 2

l e r

D D
q q V V      (2.2) 

where ql is the mass flow rate through the cross-section of the nozzle, m3/s; qe is the 
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mass flow rate entering the impeller through the inlet arc, m3/s; V is the flow velocity 

which is assumed constant in the nozzle, m/s; Vr is the radial velocity, m/s. 

Numerical results indicated that the attack angle and velocity inside the nozzle 

can keep stable along the impeller inlet arc angle, which means the proposed could 

achieve the design aim very well. 

 

Fig.2.24 Nozzle shape design method developed by Adhikari et al. [56] 

Adhikari et al. [56] developed a two-dimensional analytical model for the nozzle 

design of cross-flow turbines by theoretical and numerical methods. The analytical 

model is proposed based on fluid continuity and energy conservation. As shown in 

Fig.2.24, ur and uθ are the radial and tangential velocities, respectively. According to 

fluid continuity, the variation of mass flow rate in radial direction should be equal to 

that in tangential direction: 

( ) ( ) ( ) ( )rru d h d u d h u             
(2.3) 

where ur is the radial velocity at the runner inlet, m/s; uθ is the tangential velocity at 
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the runner inlet, m/s; h(θ) means the width between the nozzle and impeller inlet arc, 

m.  

By Integrating Eq.2.3, the expression of h(θ) can be obtained. With the proposed 

analytical model, the authors re-designed one existing 7kW cross-turbine and studied 

the turbine’s performance using numerical method. The results showed that the 

maximum efficiency increased from 69% to 87% only by redesigning the nozzle shape. 

In addition to theoretical method for nozzle design, many researchers studied the 

effects of nozzle geometry on turbine performance by numerical methods. By varying 

the nozzle geometries, different models can be obtained and simulated to determine 

the optimal model. Acharya et al. [57] investigated the performance of seven cross-

flow turbines with different nozzle shape (as shown in Fig.2.25) numerically. The 

results indicated that turbine efficiency increase from 63.67% to 67.26% by varying 

the nozzle edge radius. 

 

Fig.2.25 Numerical study on effects of nozzle shape on turbine performance by 

Acharya et al. [57] 

Although research on cross-flow turbine used in water pipes is still rare, some 

cross-flow turbines are developed for application in water tunnels, in which the 

working situation is similar to that in water pipes. When applied in water pipes or water 
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tunnels, the configuration of cross-flow turbine must be modified as the turbine is used 

submerged and the water flow will exert negative torque on the returning blades, 

resulting in a bad influence on the turbine performance [58]. Many investigators 

enhanced the performance of submerged cross-flow turbines in water tunnel by placing 

ducted or augmented elements around the impeller to increase flow velocity and 

pressure difference and shield the flow towards the returning blades. Prasad et al. [59] 

investigated the performance characteristics of a cross-flow tidal turbine by numerical 

and experimental methods. Fig.2.26 shows the developed cross-flow turbine and its 

test rig. The flow characteristics and power output of the turbine was studied in a 

numerical water tank, and the maximum efficiency is recorded 55% with 14W power 

generated. 

 

Fig.2.26 Cross-flow tidal turbine developed by Prasad et al. [59] 

Elbatran et al. [60] designed a cross-flow turbine with dual directed nozzles used 

in channels. Fig.2.27 indicates the main structure of the developed turbine which 

contains two parallel cross-flow runners surrounded by dual directed nozzles. The 

simulation results indicated that the nozzles can increase flow velocity inside the 

channel and the turbine has a maximum efficiency of 52%.  
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Fig.2.27 Dual-nozzle cross-flow turbine developed by Elbatran et al. [60] 

In conclusion, when the cross-flow turbine is used submerged, the nozzle has two 

main functions. Firstly, the nozzle is used to direct more water to flow through the 

impeller and increase flow velocity. Besides, the nozzle is also used to cover the 

returning blades so that the water flow will not exert negative torque on them.  

2.3.2 Effects of runner inlet arc angle 

The influence of runner inlet arc angle on the efficiency of cross-flow turbine has 

been investigated by many investigators. In the research of Fukutomi et al. [61], four 

models with runner inlet arc angles of 30°, 60°, 90° and 120° were studied using 

experimental methods. The results showed that a bigger runner inlet arc angle can lead 

to a higher value of pressure distribution along the runner inlet arc. The experimental 

study of Fiuzat and Akerkar [62] indicated a cross-flow turbine with 90° runner inlet 

arc angle has a better performance than that with 120° runner inlet arc angle because 
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more cross-flow exists in the runner of 90° runner inlet arc angle, which leads to a 

higher efficiency. Besides, the 90°runner inlet arc angle can improve the power output 

of the runner second stage. Based on the experimental results, the second stage of 

turbine with 90° runner inlet arc angle contributes 45% of its total output power, but 

for turbine with 120° runner inlet arc angle, the radio is 41%. In the research of Chen 

et al. [63], a two-dimensional model of cross-flow turbine (as shown in Fig.2.28) was 

built and simulated to study the effects of runner inlet arc angle on turbine efficiency 

flow velocity in draft tube. The results inferred that the flow velocity increases with 

the reduction of runner inlet arc angle. The maximum efficiency occurs when the 

runner inlet arc angle is 93°. Besides, the research of Chen Z, et al. also indicated that 

when runner inlet arc angle reduces, the output power at Stages 1 and 2 increases, 

which is similar to the research results of Fiuzat and Akerkar [62]. In the research of 

Khosrowpanah et al. [64], experimental study was done to compare the performance 

of cross-flow turbine when the runner inlet arc angle increases from 58° to 90°, results 

indicated that a smaller runner inlet arc angle results in a higher head at the nozzle tip 

but a lower efficiency of the turbine. The recorded maximum turbine efficiency of the 

investigation is 80% when the runner inlet arc angle equals to 90°. 

 

Fig.2.28 2D model of cross-flow turbine in the research of Chen, et al. [63] 
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2.3.3 Effects of attack angle and blades outer angle 

The attack angle is a key geometrical parameter that affecting the cross-flow 

turbine performance. A suitable attack angle can reduce flow separation in blades 

passages and decrease hydraulic loss at runner inlet arc, thus improve the total 

performance of the cross-flow turbine [20]. Mockmore and Merryfield [ 65 ] 

investigated the efficiency of cross-flow turbine theoretically and suggested the 

relationship of attack angle and blades outer angle as: 

1tan 2 tan   
(2.4) 

where β1 is the blades outer angle and α is the attack angle. 

To achieve the highest mechanical efficiency, Mockmore and Merryfield [65] 

suggested that the attack angle should be 16° and the corresponding blades outer angle 

is about 30°. An experimental and numerical study was conducted by Katayama et al. 

[66], four prototypes with different blades outer angle were manufactured and tested. 

The blades outer angles of the four prototypes are 21°, 24°, 27° and 30°, respectively. 

The experimental results indicated that when blades outer angle equals to 30°, the 

turbine has the maximum efficiency. After that, numerical study was performed to 

investigate the effects of blades outer angle on turbine power output. It was found that 

with the increase of blades outer angle, the output power ratio of the runner first stage 

increases while that of the runner second stage reduces. It is reported in the thesis of 

Desai [67] that the maximum efficiency of the cross-flow turbine increases with the 

decrease of attack angle in the range from 22° to 32° and it is recommended the attack 

angle is 22°. Similar results were obtained from the research of Totapally and Aziz 
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[68]. Choi et al. investigated the impact of blades shape on the performance and inner 

flow characteristics of cross-flow turbine by using CFD method [69]. The results 

showed that when the attack angle decrease from 35° to 25°, the maximum turbine 

efficiency increases from 60% to 80%. In the domain of cross-flow turbine design, an 

attack angle value of 22° is widely accepted [54] [70], the corresponding blades outer 

angle according to Eq.2.3 is 39°. 

2.3.4 Effects of blades inner angle 

The blades inner angle is exit flow angle on the runner first stage but also the inlet 

flow angle on the runner second stage. Mockmore and Merryfield [65] suggested that 

the optimal value of blades inner angle is 90° so that the shock loss between runner 

first and second stage can be reduced. When blades inner angle equals to 90°, water 

flow leaves the runner first stage in radial direction to relative outlet velocity inside 

the impeller at the inner diameter, so only the energy of the rotating system left to the 

fluid and the energy can be recovered in the runner second stage [54].  

In the research of Adhikari [20], the author compared the performance of two 

cross-flow turbines with blades inner angle equals to 90° and 85° respectively by 

numerical method. It was observed that when blades inner angle reduced from 90° to 

85°, the turbine efficiency decreased from 88% to 83%. Fig.2.29 shows the effects of 

blades inner angle on power output of each runner stage obtained by Adhikari [20]. It 

can be seen in Fig.2.29 that the blades inner angle has little influence on the 

performance of runner first stage, however, the power production of runner second 

stage decreases significantly when the blades inner angle reduces. The main reason for 

this phenomenon is that the flow direction is misaligned with the blades at the inlet of 
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runner second stage. As suggested by many researchers, 90° is nearly the optimal 

value of blades inner angle [20][54][65]. 

 

Fig.2.29 Effects of blades inner angle on power output of each runner stage [20] 

2.3.5 Effects of runner diameter ratio 

The ratio between runner inner and out diameter, that is D2/D1, also has an impact 

on the turbine performance. A bigger runner diameter ratio means a shorter blades 

length and a bigger curvature of the blades because the blades angle must shift from 

β1 to β2, resulting in stronger turbulence. However, a smaller runner diameter ratio 

corresponds to a longer blades length but a smaller cross-flow region in the runner.  

Akerkar [71] considered second stage losses and proposed a value of 0.68 for the 

diameter ratio. Aziz and Desai [ 72 ] examined the effect of diameter ratio 

experimentally and concluded that a diameter ratio of 0.68 is better than either of the 

ratios 0.75 and 0.60. Adhikari [20] studied the influencing mechanism of runner 

diameter ratio on cross-flow turbine performance by numerical method. In the research, 

three models with runner diameter ratio of 0.64, 0.68 and 0.72 were built and simulated. 

The results indicated that the maximum efficiency of models with runner diameter 
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ratio of 0.68 and 0.72 is 88% and 83%, respectively, however, when the ratio reduced 

from 0.68 to 0.64, the efficiency difference was very slight. Fig.2.30 shows the effects 

of runner diameter ratio on power output of each runner stage obtained by Adhikari 

[20]. When runner diameter ratio decreases from 0.72 to 0.68, power output of first 

runner stage reduces significantly, although the second stage produces more power, 

the overall turbine efficiency reduces. The power output of model with D2/D1=0.64 is 

similar to that of the model with D2/D1=0.68, which indicate that the optimal value of 

runner diameter ratio exists between 0.64 and 0.68, but the efficiency variation in the 

range is very small. Considering the former research, D2/D1=0.68 is suggested as the 

optimal value for runner diameter ratio. 

 

Fig.2.30 Effects of diameter ratio on power output of each runner stage [20] 

2.3.6 Effects of blades number 

The number of blades (Nb) is another factor affecting the fluid dynamics, flow 

separation and power extraction inside the runner. Sammartano [54] numerically 

studied the effects of blades number on the performance of a 5kW cross-flow turbine 



 

41 

and found the optimal blades number is 35. In the research of Acharya et al. [57], the 

blades number of a 7kW cross-flow turbine model is varied from 16 to 32, the recorded 

maximum efficiency is 76.6% when blades number equals to 22. In the research of 

Khosrowpanah et al. [64], the performance of several models with blades number of 

10, 15 and 20 were obtained using experimental method. The experimental results 

showed that the maximum efficiency was observed 70% when blades number was 15. 

Besides, with the increase of blades number, the water head loss through the turbine 

also increases. In the research of Choi et al. [69], a maximum efficiency around 66% 

was obtained in the case of a model with 26 blades. Adhikari [20] conducted an in-

depth numerical study on the influence of blades number on cross-flow turbine 

performance. It was found that with the increase of blades number, flow separations 

in blades passages were reduced and more power was produced. However, when the 

blades number exceeded the optimal value, the growth of boundary layer thickness 

may cause blockage in the blades passages, resulting in turbine efficiency reduction. 

It was observed that for the studied 0.53kW cross-flow turbine, the maximum 

efficiency could reach about 90% when Nb=35.  

Usually, for different working conditions, the geometrical parameters of cross-

flow turbine such as nozzle shape, attack angle, blades outer angle, etc. are determined 

mainly based on available experimental or numerical results. However, due to the large 

range of possible operating conditions, it is still far away to have a standard design 

method for cross-flow turbines.  

2.4 Review of research methodology 

In the previous studies on cross-flow turbine, three main methods were adopted: 

theoretical analysis, experimental methods and numerical methods. This part presents 
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a brief review of the methods to provide guidance for the current research. 

2.4.1 Theoretical analysis 

The main aim of theoretical analysis is to obtain an expression of the turbine 

efficiency and thus derive the effects of different parameters on the turbine efficiency. 

Mockmore and Merryfield [65] deduced an equation of the cross-flow efficiency 

assuming no losses written as: 

1 1

1 1

4 (cos )
u u

V V
    (2.5) 

where u1 is the peripheral velocity at runner inlet; V1 is the absolute flow velocity and 

α is the flow attack angle. 

Furthermore, the maximum efficiency of cross-flow turbine was derived as: 

2 2

max 0.5 (1 )cosC   
 

(2.6) 

where C is the coefficient dependent on the nozzle, ψ is ratio of the relative velocities 

at the runner first stage inlet and second stage exit. 

Assuming C=0.98 and ψ=0.98, the maximum efficiency obtained from the 

research of Mockmore and Merryfield is 87.8%. Other researchers also used 

theoretical analysis method to redesign the nozzle shape for turbine performance 

improvement, and this part of research has been described in Part 2.3.1.  
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2.4.2 Experimental method 

 

Fig.2.31 A hydraulic test rig developed by Pereira et al. [73] 

Experimental research of cross-flow turbine mainly focused on the effects of 

geometrical parameters, working conditions and runner speed on turbine efficiency, 

but no information about experimental measurements about the internal flow 

characteristics is available in the current literatures. Fig.2.31 shows a typical hydraulic 

test rig developed by Pereira et al. [73] for experimental study of cross-flow turbine. 

A hydraulic pump is used to provide water flow to the test rig and a telescope tank is 

used for water head control, in this way the turbine prototype can be tested under its 

working conditions. Meanwhile, the electromagnetic flow meter and pressure probe 

are used for the measure of flow rate and water head, respectively. The main setup and 

turbine parameters of previous experimental research are summarized in Table 2.2. 
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Table 2.2 Summary of experimental studies on cross-flow turbines 

Researcher λ α β1 β2 D2/D1 Nb ηmax 

Macmore and Merryeld [65] N/A 16° 30° 90° 0.66 20 68% 

Sammartano et al. [39] N/A 15° N/A 90° 0.75 40 74.6% 

Totapally and Aziz [68] 55° 22° 39° 90° 0.68 35 90% 

Khosrowpanah et al. [65] 90° 16° 39° 90° 0.68 15 80% 

Pereira and Borges [73] 80° 13° 15° 90° 0.67 30 84.8% 

Sammartano [74] 90° 22° 39° 90° 0.68 35 82.1% 

Hothersall [75] N/A 16° N/A N/A 0.66 21 75% 

Desai [67] 90° 22° 39° 90° 0.68 30 90% 

2.4.3 Numerical method 

Although the experimental method can be used to directly measure the power 

output and water head loss of cross-flow turbine with different geometrical parameters, 

it is very expensive to measure the internal flow characteristics of the turbine. With 

the development of computing technologies, the numerical simulation methods have 

been widely used as powerful and promising tools to investigate the influence of 

different geometrical parameters on internal flow characteristics, so an in-depth 

understanding of the influencing mechanism can be obtained. Previous numerical 

studies on cross-flow turbine are mainly CFD simulations adopting Reynolds averaged 

Navier–Stokes (RANS) equations with appropriate turbulence models for turbine 

performance prediction and flow analysis. In the simulation process, the mesh type, 
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turbulence model, boundary conditions, solver setup can have effects on the results. 

Therefore, it is necessary to review the previous numerical research for guidance to 

the current study. The main setup and findings of previous numerical research are 

summarized in Table 2.3. 
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Table 2.3 Summary of numerical studies on cross-flow turbines 

Researcher Model 

type 

Mesh type Mesh 

number 

Turbulence 

model 

Boundary 

conditions 

Findings 

Choi et al. [69] 2D Hexahedral 

grids 

2 million k-ω SST Pressure inlet; 

Outflow outlet; 

The nozzle shape, blades outer angle and blades 

number have significant effects on the performance 

and flow characteristics of cross-flow turbine. Among 

these parameters, the nozzle has the largest effect.  

Sammartano et 

al. [54] 

2D Tetrahedral 

prismatic grids 

0.1 million k-ε Pressure inlet; 

Pressure outlet; 

Transient rotor 

stator interface 

A linear nozzle can ensure almost uniform flow 

velocity and attack angle in the nozzle. Besides, the 

effects of blades number and diameter ratio on turbine 

performance is little. 

3D Tetrahedral 

prismatic grids 

3.3 million k-ε The 3D simulation indicated that the optimal ratio 

runner width and nozzle width is 1. 

Chen et al. [51] 2D Hexahedral 

grids 

0.45 million k-ω SST Velocity inlet; 

Velocity outlet; 

No-slip wall; 

Transient rotor 

stator interface 

Firstly, the improvement of nozzle shape in this 

research leads to an efficiency increase of 12.5%. 

Besides, the guide nozzle can suppress the negative 

torque. Thirdly, an improvement of nozzle inlet shape 

can reduce flow separation in the nozzle. 

Adhikari et al. 

[56] 

3D Unstructured 

tetrahedral 

grids 

5.4 million k-ω SST Pressure inlet; 

Velocity outlet; 

general grid 

interface; 

The improvement of the nozzle shape can convert 

more water head into kinetic energy and reduce flow 

separation in the blades passages at runner first stage.  

Kim et al. [76] 3D Hexahedral 

grids 

5.2 million k-ω SST Velocity inlet; 

Pressure outlet; 

No-slip wall 

 

The research is about an improvement of a cross-flow 

turbine used in water channel for tidal power 

generation. It was found that by using a larger channel 

area of the turbine, the flow velocity through the 

runner increases.  
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Researcher Model 

type 

Mesh type Mesh 

number 

Turbulence 

model 

Boundary 

conditions  

Findings 

De Andrade et 

al. [77] 

3D Unstructured 

tetrahedral 

grids 

2.6 million k-ε Velocity inlet; 

pressure outlet; 

No-slip wall 

 

The flow attack angle along the runner inlet arc varies 

from 23° to 7°. The simulation indicated that nearly 

68.5% of the total power is produced by the first 

runner stage.  

Acharya et al. 

[57] 

3D Unstructured 

tetrahedral 

grids 

5.1 million k-ω SST Pressure inlet; 

Outflow outlet 

The results indicated that the nozzle shape, guide 

vane opening degree and blades number have effects 

on the cross-flow turbine performance. The optimal 

opening degree of guide vane is 7° while the optimal 

blades number is 22. The simulated maximum 

efficiency of the cross-flow turbine is 76.6%. 

Popescu et al. 

[78] 

2D N/A N/A k-ω SST Velocity inlet; 

pressure outlet; 

 

The uncontrolled flow domain in the internal region 

of the runner may results in turbine efficiency 

decrease. It is suggested to adopt internal guiding 

device to reduce the recirculation phenomena and 

eliminate shock losses caused by the uncontrolled 

flow. 

Dragomirescu 

& Schiaua [79] 

2D Structured 

and 

quadrilateral 

unstructured 

grids 

0.8 million Reynolds 

Stress 

Model 

Velocity inlet; 

pressure outlet; 

Sliding mesh 

When the water head drops sharply, the flow attack 

angle is high, resulting in air pockets behind the 

blades at the first runner stage. With the increase of 

runner speed, the air packets size also increases, 

which reduces the power production at the first runner 

stage. In this study, the best turbine efficiency is about 

55%. 
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2.5 Research gap and methodology 

The literature review has indicated that the cross-flow turbine is a promising 

solution for micro hydropower generation in urban water mains because of its simple 

structure, easy maintenance and low costs. However, this is a lack of systematic study 

on the design and optimization of inline cross-flow turbine. The research gaps based 

on the literature review are shown as follows: 

1. There are still few researches on the development of cross-flow turbine used in 

water pipes. Although several experimental studies are about energy harvesting from 

water pipes using cross-flow turbines, application of these turbines needs a significant 

modification on the water pipes and huge installation space. A new cross-flow turbine 

concept which is more compact and needs slight modification on the water pipe should 

be proposed for hydropower generation from water pipes. 

2. Research on the design method for ducted elements of inline cross-flow turbine 

is still lack. Like traditional cross-flow turbines, the ducted elements are of vital 

importance for the turbine performance. Previous researches have proposed several 

theoretical methods for nozzle design of cross-flow turbine, however, due to the 

special working conditions of water mains, the methods are not suitable for inline 

cross-flow turbine design. A theoretical design method for the ducted elements of 

inline cross-flow turbine should be proposed to provide guidance for such special 

application. 

3. Researches on the effects of ducted elements shape on the performance of 

inline cross-flow turbine are still lack. Previous researches have demonstrated that the 

nozzle shape does have impact on turbine performance, it is necessary to study the 

performance of inline cross-flow turbines with different ducted elements shape hence 
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the optimal shape can be determined. 

4. There is no research on the effects of runner parameters on the performance of 

inline cross-flow turbine. Runner is the key component for torque harvesting and 

transmission in cross-turbine and its geometrical parameters, such as attack angle, 

blades outer angle and diameter ratio, can significantly affect the turbine performance. 

Previous researches have suggested the optimal geometrical parameters of the runner 

by numerical or experimental methods. However, due to the different operating 

conditions in water mains, studies are still needed to determine the optimal runner 

geometries. 
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Fig.2.32 Flow chart of the methodology 

Based on the literature review, this thesis aims to propose a systematic design 

method for inline cross-flow turbine used in urban water mains for hydropower 

harvesting. The flowchart of the research methodology is shown in Fig.2.32. 
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The thesis can be divided into two main part: experimental study and numerical 

study. The experimental study starts from the development of a novel configuration of 

inline cross-flow turbine. In this process, CFD simulation is used to predict turbine 

performance and provide guidance for scheme improvement. After that, the prototype 

is fabricated and tested in the hydraulic test rig. There are two objectives of the on-site 

tests. Firstly, the turbine performance can be obtained through the on-site tests and the 

results can provide validation for the CFD simulation. Besides, a long-term test is 

performed to study the durability and reliability of the developed turbine. The results 

of the long-term tests are helpful for turbine structure improvement.  

In the numerical study, a theoretical design method of the ducted elements is 

proposed and theoretical analysis is performed to investigate the working mechanism 

of the cross-flow runner. After that, CFD simulation is used to investigate the effects 

of ducted elements and runner geometries by analyzing the turbine performance, flow 

characteristics and pressure distribution inside the turbine. Based on the experimental 

and numerical study, a design guideline can be provided for inline cross-flow turbine 

design. 
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CHAPTER 3 DEVELOPMENT OF A NOVEL INLINE 

CROSS-FLOW TURBINE BY NUMERICAL AND 

EXPERIMENTAL METHODS 

The previous chapter presented a comprehensive literature review of the micro 

hydro turbines and identified the research gap. In this chapter, the development of one 

preliminary inline cross-flow turbine prototype and its experimental study are 

presented. Firstly, the scheme of an inline vertical cross-flow turbine is proposed and 

several turbine models are established. After that, CFD simulations are carried out to 

determine the optimal model and to investigate the effects of tip clearance. Besides, a 

self-adjustable vane is designed to avoid excess water head loss and its function is 

validated by CFD simulation. Finally, the turbine prototype is fabricated and tested on 

a lab test rig to study its real performance and durability. The on-site tests can not only 

provide data for validation of CFD simulation, but also offer guidance for turbine 

structure improvement.  

3.1 Scheme of the inline cross-flow turbine 

The main challenge of hydropower generation in water supply pipes is the 

selection or design of proper turbines that can meet the requirement of water supply. 

The requirements are as following: 

1) The generated electricity should meet the power demand of water monitoring 

system, but too much power may possess a huge load on the energy control and storage 

system. Based on the data provided by the Water Supplies Department of Hong Kong, 
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40-100W power is sufficient for nearly any water monitoring system. 

2) Although there exists some excess water head in the water pipes, the turbine 

cannot consume too much water head. To avoid negative effects on the normal water 

supply through the whole urban area, the consumed water head cannot exceed 5m 

water. 

3) As most urban water pipes are laid underground, the installation space is very 

limited and the modification of the pipes should be as slight as possible. 

4) The most important thing is that the application of water turbine cannot have 

bad impact on the water quality. 

 

Fig.3.1 The turbine design scheme 

To satisfy the requirements mentioned above, a turbine design scheme as shown 

in Fig.3.1 is proposed. The main idea of this scheme is to integrate a DN100 T-joint to 

the DN250 pipe, then a cross-flow runner, which connects with a generator via a shaft, 

is inserted in the pipe through the T-joint to harvest hydropower and transfer the power 

to the generator. After that, the generated electricity will be stored in chargeable 

batteries after rectification. As suggested in previous research, ducted elements are 
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also needed for inline cross-flow turbines. In this research, two blocks that fixed on 

the pipe inner wall are used to let more water flow through the runner, increasing the 

velocity of water that passes through the runner and reducing the resistance of water 

on the returning blades [51].  

3.2 Research methodology for turbine development  

 

Fig.3.2 The research flow chart 

The entire research flow chart is indicated in Fig.3.2. The flow velocity inside the 

urban water mains is about 1.2-2.0m/s and the average velocity is about 1.5m/s [51]. 

Thus, the design flow velocity on the design point is set as 1.5 m/s. As shown in Fig.3.2, 

the turbine design starts with the calculation of the runner geometrical parameters and 
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the shape design of the blocks. After that, the 3D models of different design will be 

built and the optimal model is obtained by CFD simulations. Finally, the prototype is 

fabricated and on-site tests are conducted to validate the numerical results and study 

the turbine performance. The design process would be repeated if the numerical or 

experimental results do not satisfy the design requirements. 

3.2.1 Geometrical parameters 

 

Fig.3.3 The main geometrical parameters of the cross-flow runner 

Table 3.1 The values of runner main geometrical parameters 

Geometrical Parameters Symbol Values 

Blades outer angle β1 42° 

Blades inner angle β2 90° 

Outer diameter D1 98mm 

Inner diameter D2 45mm 

Runner length L 215mm 

The key part of the cross-flow turbine is the runner and its main geometrical 

parameters are indicated in Fig.3.3. Among these parameters, the length L and the 

L D2

D1

β1

β2

δ

Outer Side

Inner Side
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outer diameter of the runner D1 are determined by the diameters of water pipe and T 

joint respectively. Besides, the runner inner diameter D2, the blade outer angles β1 and 

inner angle β2 are determined based on the optimal values suggested by Vincenzo 

Sammartano [55], and the geometrical parameters are listed in Table 3.1. In the present 

thesis, the shape of blocks is designed mainly by CFD simulation. 

3.2.2 CFD setting 

In recent years, the CFD methods have been widely used as powerful and 

promising tools in turbomachinery design and optimization. In the present research, 

the CFD method is used to study the effect of different block shapes on the turbine 

performance and the inside flow field characteristics. 

3.2.2.1 Meshing 

The physical model of the turbine, which is composed of four main parts: inlet 

extension part, turbine body, runner and outlet extension part, was built in SolidWorks 

2014, a three-dimensional modeling computer-aided design software. As the 

computational domain can be regarded as symmetric, only half of the model was built 

to reduce the computing time. Then the physical model was imported into Ansys ICEM 

14.5 for unstructured tetrahedral grids generation. The whole computational domain 

was separated into two main domains: stationary domain and rotary domain. Inlet 

extension part, turbine body and outlet extension part belong to the stationary domain 

while runner is the rotary domain. For simulation, the sliding-mesh interface method 

was adopted to allow for the mesh motion between static and rotating parts. In the 

meshing process, the “tetra mesh” was employed to generate grids in the domains far 

from boundaries, while the “prism mesh” was used for grid generation in the domains 

near boundaries, i.e. the pipe wall and blades. Such strategy could achieve a good 



 

56 

balance between calculation time and accuracy. To minimize the numerical 

uncertainty in the solution, a grid independence test was conducted. Six meshing 

schemes were tested and their grid numbers are 0.63, 1.09, 1.5, 1.91, 3.78 and 9.6 

million, respectively. Fig.3.4 shows the dependence of shaft power on the grid number, 

according to the results, the total grid number of 1.91 million was taken for the next 

study. The final computational mesh is showed in Fig.3.5. 

 

Fig.3.4 The dependence of shaft power on the grid number 

 

Fig.3.5The final meshing scheme 
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3.2.2.2 Solver setup 

The incompressible isothermal flow through a turbomachine is fully described by 

the continuity and momentum equations, which are called the Navier-Stokes equations 

and written as:  
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where u  is the velocity, p  is the pressure, v  is the kinematic viscosity of fluid,   

is the density of fluid.  

Since solving the Navier-Stokes equations is computationally expensive for high 

Reynolds number flows in complex geometries, the Reynolds averaged Navier–Stokes 

(RANS) equations are generally solved to determine the mean velocity field. RANS 

equations are obtained by time-averaging the Navier-Stokes equations for the mean 

values of the flow variables over a sufficiently long period compared to the frequencies 

of turbulent fluctuations, and are written as: 
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where U is the time-averaged velocity, iu   is the fluctuating velocity due to turbulence 
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and 
i ju u    is the Reynolds shear stress.  

RANS simulations with appropriate turbulence models have been widely used for 

turbomachinery design analyses due to their low computational cost and satisfactory 

predictive capability for average device performance [80] [81]. In this study, the SST 

k-ω model is used because the SST k-ω model combines the standard k-ω model and 

standard k-ε model, it takes the effects of turbulence shear stress into consideration in 

the definition of the turbulence viscosity and could capture the micro flow in the 

viscous layer. 

The simulations were conducted in ANSYS Fluent 14.5 using a second-order-

accurate finite-volume discretization scheme and the maximum residual is set to 10-5. 

The inlet velocity is considered as the inlet boundary condition of the inlet face while 

the outlet boundary condition is set as pressure outlet with the pressure equal to 

atmospheric pressure. The boundary condition of turbine wall and blades is set as non-

slip smooth wall. Besides, the boundary condition of symmetric plane is set as 

symmetry. 

3.2.3 Experimental setup 

3.2.3.1 Hydraulic test rig 

After a series of simulations, the main structure and components were determined 

and a prototype was fabricated. The turbine prototype was installed in a hydraulic test 

rig built based on a carbon contact chamber at Ma On Shan Water Treatment Works 

(MOSWTW) of Hong Kong to test its performance. Fig.3.6 indicates the diagram of 

the hydraulic test rig, which is mainly composed of two parallel submersible pumps, 

DN250 water pipes, the water turbine, two pressure meters, an electromagnetic flow 
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meter, an adjustable ball valve and a frequency converter controller. The submersible 

pumps can provide 80m water head at 530m3/h (3m/s in DN250 water pipes) to 

analogize the real flow conditions inside the urban water supply pipes. The working 

load of the submersible pumps is controlled by the frequency converter controller, by 

adjusting the working frequency of the submersible pumps and the opening degree of 

the ball valve, different flow velocity and water head can be achieved in the test rig. A 

24V three-phase permanent magnet alternating generator with low starting torque is 

chose to translate shaft power of the turbine into electric energy. Besides, two pressure 

meters are used to examine the pressure drop between the upstream and downstream 

of the water turbine. In the described test rig, the electromagnetic flow meter has a 

precision of ±0.5% full scale while the precision of pressure meter is ±0.25% full scale. 

Using the prescribed methods for uncertainty estimation [82], the composite errors for 

water head loss and efficiency measurement are ±0.25% and ±0.56%, respectively. 

 

Fig.3.6 The hydraulic test rig at the MOSWTW 

3.2.3.2 Controller design 
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One of the significant challenges for micro hydropower harvesting from urban 

water mains is power management and storage. To solve this problem, a 24V controller 

is developed. As shown in Fig.3.7 is the control system for micro hydropower 

generation in urban water mains. The control system consists of rectifier bridge, master 

controller, lead-acid battery storage module and dummy load module. The rectifier 

bridge is used to transfer the alternating current to direct current. The master controller 

consists of one mainboard, one remote communication module, several circuit 

breakers and relays. And main function of the master controller is to manage the power 

and send data to the remote computers. Lead-acid battery storage module is used for 

energy storage while the dummy load module is used for power dissipation. Due to the 

unstable flow velocity in the urban mains, the output voltage of micro-hydro generator 

usually fluctuates with time. Once the output voltage is too high, the power will be 

dissipated by the dummy load to avoid damage on the lead-acid batteries. Fig.3.8 

shows the control effect of the controller, it is clear that the controller can keep the 

battery voltage in an acceptable range. 

 

Fig.3.7 Schematic diagram of the controller 
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Fig.3.8 Control effect of the controller 

As shown in Fig.3.9 is the electricity control and storage system which is mainly 

composed of controller, two 12V chargeable batteries, dump load and computer. 

Electricity generated by the permanent magnet alternating generator is rectified in the 

controller then stored in the chargeable batteries. Once the charging voltage is higher 

than the bearable voltage of batteries, the dummy load will be used to consume excess 

electricity. The flow velocities, output power, charging current and voltage and the 

pressure difference can be monitored and recorded in the computer. 

 

Fig.3.9 The electricity control and storage system  

3.2.4 Data analysis 

To assess the turbine performance, both the numerical and experimental output 

power and water head loss should be monitored. The experimental results can be 
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obtained directly based on the data collected in the remote monitoring computer, but 

some calculation is needed to get the numerical results. In the CFD simulation, the 

output torque of the runner is recorded and the shaft power of the turbine is calculated 

by Eq.3.5. For the calculation of actual output power, mechanical loss and generator 

conversion efficiency must be considered as energy loss is inevitable in energy 

conversion process, as shown in Eq.3.6.  

shaftP T  (3.5) 

s me g shaftP P   (3.6) 

where Pshaft is the shaft power, W; ω is the rotation speed, rad/s; T is the shaft torque, 

N·m; Ps is the actual simulation power output, W; ηme is the overall mechanical 

efficiency, and ηg is the conversion efficiency of generator. In this study, the 

mechanical efficiency and generator conversion efficiency are determined based on 

the data provided by parts suppliers.  

The CFD simulations were conducted to study the turbine performance on the 

design points and off-design points. For performance study on the design points, the 

tip speed ratio (TSR) was introduced. The TSR means the ratio of the peripheral speed 

of the turbine runner and the flow velocity and it can be calculated using Eq.3.7. By 

varying the values of ω, different TSRs can be obtained. Correspondingly, by changing 

the rotation speed in the simulation setup, different output power and water head loss 

for different TSRs can be acquired. Finally, by changing the inlet velocity of 

simulation setup, the turbine performance at off-design points were obtained.  
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r
TSR

V
 (3.7) 

where r is the runner radius, m; V is the flow velocity at runner inlet, m/s. 

In the experimental process, the flow velocity, charging voltage and current, 

water head of upstream and downstream can be transmitted to the controller and 

recorded in the monitoring computer, so the experimental results can be finally 

acquired by simple calculations. 

3.3 Numerical results and analysis 

As mentioned before, two blocks are used on the inlet side of the runner decrease 

the water resistance which exerts on the returning blades, thus the performance of 

cross-flow turbine can be improved. In this research, the CFD simulations were 

conducted to investigate the effects of different blocks on the performance of inline 

cross-flow turbine and further find the optimal block model.  

3.3.1 Design of block shape 

 

Fig.3.10 Different block models 
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Four block models with different geometrical design (as shown in Fig.3.10) were 

built and simulated to study the impact of different block shapes on the turbine 

performance. In Case 1, one block with concave surface is integrated in the pipe inner 

wall on the upstream side while one block with convex surface is placed on the same 

location in Case 2. Compared to Case 1 and 2, one block with plane surface is added 

in Case 3 and 4, respectively. 

Table 3.2 Simulated results of four cases on the design point 

No. Description Max. power (W) 
Water head loss 

(m) 
TSR 

Case 1 Upstream concave block 11.2 0.62 0.9 

Case 2 Upstream convex block 15.7 0.67 1.1 

Case 3 
Upstream concave block 

and downstream plane block 
71.8 3.74 1.2 

Case 4 
Upstream convex block and 

downstream plane block 
125.2 3.3 1.2 

The output power and water head loss of the turbine on design point and off-

design points are recorded to obtain the characteristics of turbine performance. 

Fig.3.11 and Fig.3.12 illustrate the output power and water head loss through the 

turbine for different TSR on the design point. As shown in Fig.3.11, the output powers 

of Case 1 and Case 2 increase with the increment of TSR until reach maximum values, 

then decrease. The maximum output power of Case 1 and Case 2 occurs where the 

TSR is 0.9 and 1.1, respectively. The output power of both Case 3 and Case 4 also 

increases with the increment of TSR, but the increase trend of Case 4 is more obvious 
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than that of Case 3. For water head loss through the turbine, all the four cases 

experience a slight growth with the TSR and all the values are lower than 5m water, 

which means that all the cases can meet the requirement from the aspect of water head 

loss at the design point. Table 3.2 compares the maximum output power and the 

corresponding TSR and water head loss of the four cases.  

 

Fig.3.11 The output power of four cases with different TSR 

 

Fig.3.12 The water head loss of four cases with different TSR 
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Case 1 and Case 2 indicate poor performance in comparison with other two cases, 

the main reason for the poor performance can be explained by the velocity vectors as 

shown in Fig.3.13. It can be seen that although the upstream block can modify the flow 

path and force more water to flow through the runner, most of the water flows away 

without doing any work on the blades due to the absence of downstream block. By 

adding downstream blocks in Case 3 and Case 4, the upstream and downstream blocks 

can act as convergence nozzles while the downstream pipe can function as a diffuser. 

As indicated in the velocity vectors of Case 3 and Case 4, the highest velocity regions 

are observed in the domain of runner and the velocity behind the runner is reduced, 

therefore the total harvested power from water flow raises significantly. Both the Case 

3 and Case 4 possess a good performance, but compared to Case 3, Case 4 indicates a 

good performance in terms of output power. This is mainly due to the smaller inlet 

discharge area and bigger cover area on the returning blades in Case 4. A small inlet 

discharge area usually corresponds to a higher flow velocity towards the advancing 

blades, so more energy can be harnessed by the runner. On the other hand, a bigger 

cover area on the returning blades can reduce the influence of negative torque on the 

turbine performance. It can be observed in Fig.3.12 that the water head loss of Case 3 

is the highest among all the cases. This is because that the upstream block with concave 

surface in Case 3 changes the flow direction sharply, which may cause severe 

hydraulic loss. Furthermore, it can be seen in the Fig.3.13 that water leakage occurs in 

the tip clearance between the blades and the upstream block. The water leakage would 

not only increase friction losses, but also produce negative torque on the blades, 

leading to significant performance degradation. The optimal tip clearance as 

determined in the following part. 
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Fig.3.13 The velocity vectors of different cases 

Fig.3.14 and Fig.3.15 show the variation of output power and water head loss 

with respect of flow velocities on the off-design points. It is noticed that the output 
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power and water head loss of all the cases experience an increase with the increase of 

flow velocities. However, the performance of Case 1 and Case 2 is still very poor even 

at a high flow velocity, so these two cases are abandoned in the project. Case 4 

indicates the highest output power among all the cases, but its output power at high 

flow velocities (1.7m/s and above) is so high that may exceed the tolerance of the 24V 

controller, which is used to rectify and store the generated electricity and to monitor 

the working conditions of the turbine. By contrast, Case 3 possesses a modest increase 

with the flow velocities and its output power at 2m/s is about 135W, which meets the 

security requirement of the controller very well. From the aspect of water head loss, 

both the Case 3 and Case 4 exceed 5m water head at high flow velocities, this problem 

can be solved by introducing a self-adjustable vane, which will be studied in the 

following parts. To sum up, although the output power of Case 4 is better than that of 

Case 3, it is not the most suitable configuration for this project and the Case 3 will be 

selected as the optimal model for next step of research.  

 

Fig.3.14 The output power of four cases on off-design points 



 

69 

 

Fig.3.15 The water head loss of four cases on off-design points  

3.3.2 Effects of tip clearance  

 

Fig.3.16 Tip clearance of the inline cross-flow turbine  

As analyzed in the above part, the blocks can direct and concentrate the water 

flow to the advancing blades and cover the flow towards the returning blades. 

Therefore, the positive torque generated by the advancing blades can be enhanced 

while the negative torque of returning blades can be reduces. However, due to the tip 

clearance existing between the upstream block and the runner (as shown in Fig.3.16), 

the tip leakage may have a reverse impact on the turbine performance. In this part, 

three models with different tip clearances (i.e. 10mm, 8mm and 5mm, respectively) 
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were simulated for different TSR at the design point to study the effects of tip clearance 

on the turbine performance. 

  

Fig.3.17 The output power of models with different tip clearance  

 

Fig.3.18 The water head loss of models with different tip clearance  

The comparisons of output power and water head loss of models with different 

tip clearance obtained for different TSR are indicated in Fig.3.17 and Fig.3.18. It can 

be observed that the output power variation of models with different tip clearances is 
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relatively large. For example, on the design point, the maximum output power of 

model with 10mm tip clearance is only about 52W while that of the 5mm tip clearance 

model is more than 70W. On the other hand, although the water head losses of all 

models encounter a slight variation with the TSR, the head loss of 5mm tip clearance 

model is much larger than that of the other two models. 

 

Fig.3.19 The pressure contours of models with different tip clearance  

Fig.3.19 shows the pressure contour through the models with different tip 

clearance. It indicates that a high-pressure region caused by the tip leakage exists on 

the back of returning blades, resulting in a negative torque on the runner. But by 

comparing the pressure contours, it is further seen that the smaller the tip clearance is, 

the lower pressure behind the returning blades will be. Besides, it is found that for a 

smaller tip clearance, the indicated pressure at the runner inlet side is larger. As a result, 

the pressure difference between the upstream side and the downstream side of the 
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runner is larger and more water will be sucked to flow towards the advancing blades, 

therefore the turbine performance could be improved [83] [84]. 

In conclusion, the tip clearance mainly has two effects on the turbine performance. 

Firstly, a small tip clearance can reduce the tip leakage thus reduce the reversing torque 

on the returning blades. Secondly, for decreasing tip clearance, the pressure drop 

through the inlet and outlet of the runner will be increased, which draws more water 

to flow through the runner and enhances the positive torque generated by the 

advancing blades. According to the above analysis, values of tip clearance less than 

5mm are expected to further increase the turbine performance, but the manufacturing 

and assembling difficulties make it is challenging to fabricate a prototype. Besides, the 

output power of model with 5mm tip clearance is enough for the power requirement 

of water leakage monitoring system, so the final tip clearance of this turbine is 

designed as 5mm. 

3.3.3 Design of self-adjustable vane  

As requested by the Water Supplies Department of Hong Kong, the water head 

loss through the turbine cannot exceed 5m water. However, according to former results, 

the water head losses of the proposed design scheme at higher flow velocities have 

exceeded 5m water. To solve this problem, a self-adjustable vane located on the 

downstream side of the turbine was designed and tested. As shown in Fig.3.20 is the 

schematic diagram of the self-adjustable vane, in which a damping device (a torsional 

spring in the present study) is designed to control the opening degree of the self-

adjustable vane. At low flow velocities (i.e. less and equal to 1.5m/s), the damping 

device can hold the self-adjustable vane at its original position, but when the flow 

velocity is more than 1.5m/s, the water will push the self-adjustable vane to open to 
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some degree, so some water will flow through the space between the runner and the 

self-adjustable vane. With the increase of the flow velocities, the opening degree 

becomes larger. It is assumed that the opening degree of the self-adjustable vane at the 

flow velocity larger than 1.5m/s increase by 3° with every 0.1m/s. For example, the 

opening degree at 1.6m/s is 3° while that at 2m/s is 15°. 

 

Fig.3.20 The schematic diagram of the self-adjustable vane 

The comparisons of water head loss and output power of models with and without 

self-adjustable vane at flow velocity of 2.0m/s obtained for different TSR are indicated 

in Fig.3.21 and Fig.3.22. It can be observed that the water head loss reduced by about 

3.5m water while the output power reduced by nearly 30W after adopting the self-

adjustable vane, which means that the self-adjustable vane has a good performance in 

reducing the water head loss. Although the output power also reduces with the opening 

of self-adjustable vane, it is enough for the power requirement of water leakage 

monitoring system. Besides, the reduction of output power can lighten the load on 

controller and chargeable batteries.  
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Fig.3.21 The water head loss of models with and without self-adjustable vane 

 

Fig.3.22 The output power of models with and without self-adjustable vane 

Fig.3.23 indicates the simulated turbine performance on off-design points. Both 

the output power and water head loss increase with the increase of the flow velocity, 

but the growth becomes slow at higher flow velocities. The water head losses in the 

flow range from 1.2m/s to 2.0m/s are all less than 5m water, which can satisfy the 

requirement of the Water Supplies Department very well. Besides, it can also be 
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observed that the minimum and the maximum output power are about 35W and 120W, 

which can not only meet power demand of water leakage monitoring system, but also 

be within the tolerance capacity of the controller. In conclusion, the proposed self-

adjustable vane can avoid too much water head loss with little influence on the output 

power. 

 

Fig.3.23 The off-design performance of turbine model with self-adjustable vane 

3.4 Experimental results and analysis 

After a series of CFD simulation, the final configuration was determined and 

inline cross-flow turbine prototype was fabricated, as shown in Fig.3.24. The turbine 

is mainly composed of turbine body, runner, runner holder, upstream block, self-

adjustable vane, shaft, mechanical seal and generator. Among them, the turbine body 

is a DN250 pipe with a length of 460mm. The runner is made of 12 blades, which are 

welded to three discs, in addition, a runner holder is located on the bottom of the 

turbine body to hold the terminal of the runner to reduce runner deformation. The main 

function of the runner is to harvest hydropower and transfer the generated torque to 

generator through the shaft. Both the upstream block and self-adjustable vane are 
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manufactured by wire-electrode cutting and integrated with the turbine body by 

welding. The whole prototype is made of 316L stainless steel to avoid negative impacts 

on the water quality. Finally, the prototype was tested in the test rig to validate the 

simulation results and study its performance. 

 

Fig.3.24 The inline cross-flow turbine prototype 

3.4.1 Validation of the numerical results 

 

Fig.3.25 The comparison between experimental and numerical output power 
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Fig.3.26 The comparison between experimental and simulation water head loss 

Fig.3.25 and Fig.3.26 show the comparison between the experimental and 

numerical results. The turbine prototype was tested over the flow velocities varying 

from 1.2m/s to 2.2m/s and the experimental data was recorded to compare with the 

computed results. It can be observed in Fig.3.25 and Fig.3.26 that the simulated output 

power agrees very well with the measured values, but some difference exists between 

the simulated and experimental water head loss.  

The comparison between the numerical and the experimentally measured output 

power and water head loss is given in Table 3.3, the error percentage is also provided 

in the table. The measured output power on the design point is 69.1W with 2.62m 

water head loss, compared to the simulated values of 67.8W and 3.65m. Most of the 

error percentages in terms of output power are limited in ±5%. The error percentage 

of water head loss is relatively large and two main reasons may account for this 

phenomenon. Firstly, the CFD model is simplified, resulting in calculation 

uncertainties which are very difficult to be measured and ruled out. Secondly, the 

deviations can also be caused by experimental measuring errors. In the test rig, the 
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unstable flow caused by the turbine may result in pressure fluctuation, which has 

significantly negative impact on measuring accuracy. However, the error values of 

water head loss are all less than 1m. Hence, an acceptable agreement between 

numerical and experimental results was achieved. 

Table 3.3 Comparison between computed and measured results 

Flow 

velocity 

(m/s) 

Output power (W) Water head loss (m) 

Experiment

al results 

Simulation 

results 

Error 

(%) 

Experimental 

results 

Simulation 

results 

Error 

(%) 

1.2 36.8 34.4 -6.5 2.01 2.34 16.4 

1.3 43.2 44.0 1.85 2.11 2.75 30.3 

1.4 53.4 55.1 3.18 2.23 3.18 42.6 

1.5 69.1 67.8 -1.8 2.62 3.65 39.3 

1.6 76.6 79.4 3.6 2.82 3.48 23.4 

1.7 87.6 86.9 -0.8 3.32 3.58 7.8 

1.8 94.6 97.0 2.5 3.10 3.73 20.3 

1.9 105.7 106.8 1.0 3.95 3.92 -0.76 

2 124.1 121.0 -2.5 3.91 4.10 4.8 



 

79 

3.4.2 Experimental performance of the turbine 

 

(a) Output power and battery charging voltage 

 

(b) Water head loss 

Fig.3.27 The turbine performance in one typical day 

The turbine prototype was tested at a flow velocity of 1.3m/s for 12 hours a day 

for one month to study its performance. Fig.3.27 shows the turbine performance in one 

typical day. The output power keeps very stable around 50W, and the battery charging 

voltage increases gradually then remains steady under 28V. Although the water head 

loss varies significantly with the time, the maximum value is still below 3m. As 

described in Fig.3.28 is the statistics of daily electricity generation in one month. The 
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average daily electricity generation is about 600Wh, which ensures a constant power 

supply for almost any general monitoring system. Besides, as the tests were conducted 

at a flow velocity of 1.3 m/s while the actual flow velocity in the water pipe varies 

from 1.2m/s to 2 m/s, the turbine performance in practical application is expected to 

be better than the test results. 

 

Fig.3.28 Daily electricity generation 

3.5 Summary 

This research presents the development of a novel inline vertical cross-flow 

turbine for hydropower generation in urban water mains by numerical and 

experimental methods. The flow field characteristics, output power and water head 

loss of the system have been analyzed to study the effects of block shape, tip clearance 

and self-adjustable vane on the turbine performance. As referred from the present 

study, the following conclusions can be obtained: 

(1) The proposed upstream and downstream blocks could act as the nozzle and 

diffuser of a conventional cross-flow turbine to enhance the flow velocity and pressure 
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difference through the runner. 

(2) The configuration with an upstream concave block and a downstream plane 

block was suitable for the power demand of a water leakage monitoring system. 

(3) A smaller tip clearance could reduce the tip leakage so that to reduce the 

reversing torque on the returning blades and increase the pressure drop through the 

runner. The turbine performance could thus be improved. 

(4) The proposed self-adjustable vane achieved ideal performance in avoiding 

excess water head loss with little influence on the output power. 

(5) The experimental results indicated that the numerical method used in the 

present research could predict the turbine performance with an acceptable accuracy 

and provide a good guidance for turbine design and improvement.  

(6) The prototype test results showed that the output power at the design point 

was 69.1W with 2.62m water head loss. Besides, over a flow velocity range varying 

from 1.2m/s to 2.2m/s, the water head loss was always below 5m and the normal water 

supply was not affected. 

(7) After a month-long test at the flow velocity of 1.3m/s, the prototype was 

proved very reliable with steady performance and its daily electricity generation was 

about 600Wh, which was sufficient for powering any general water leakage 

monitoring system in an urban environment. 
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CHAPTER 4 DEVELOPMENT OF THE BLOCK 

DESIGN METHOD AND THEORETICAL ANALYSIS 

ON THE CROSS-FLOW RUNNER 

In the previous chapter, a preliminary prototype of the inline cross-flow turbine 

was designed and tested. The experimental results indicated the feasibility of the 

proposed scheme of inline cross-flow turbine. However, it can also be observed that 

although the turbine can satisfy power demand for water monitoring system, the 

turbine efficiency is relatively low and there is still space for turbine performance 

enhancement. Based on the literature, by optimizing the shape of ducted elements and 

runner of cross-flow turbine, the turbine performance can be significantly improved. 

In this chapter, a mathematic design method for blocks in inline cross-flow turbine is 

presented, besides, the theoretical working principle of the runner is also introduced to 

provide guidance for runner parameter optimization. 

4.1 Mathematic design method for the blocks 

4.1.1 Introduction and assumptions 

The blocks are vitally important components in the proposed inline turbine as 

they can function as the nozzle in traditional cross-flow turbine. Fig.4.1 shows the 

main structure of the inline cross-flow turbine. Two blocks, guide block and 

conversion block, are integrated to the pipe inner wall. The guide block is used to direct 

water flow towards the runner while the conversion block can convert part of the water 

head into flow kinetic energy. Fig.4.1 also indicates the main geometrical parameters 
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of the blocks and runner. Among them, the orientation angle of guide block 0  and 

runner inlet arc angle λ are two key parameters that determine the shape of conversion 

block. R  represents the distance from runner center axis to the inner wall of 

conversion block at different azimuthal angle. By determining several R  at different 

azimuthal angle, the geometrical shape of the conversion block can be obtained. 

 

     (a) (b) 

Fig.4.1 Design scheme of the inline turbine (a) Main structure of the turbine (b) 

Diagram of cross section at the conversion block inlet 

To development a method for the block design, the following assumptions are 

made:  

1) All the reduced water head through the conversion block is converted into flow 

kinetic energy. 

2) The distribution of water flow rate at the runner inlet discharge area is uniform.  

3) The flow velocity in the space between the conversion block and runner is 

uniform. 
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4.1.2 Design procedure  

A mathematic design method is proposed for conversion block design, and the 

design method is developed based on the assumptions that the distribution of water 

flow rate at the runner inlet discharge area is uniform and all the reduced water head 

is converted into flow kinetic energy. The design process can be divided into two steps. 

The first step is to obtain the distance from runner center axis to the inlet of conversion 

block, 0R . Based on the first assumption, the flow rate at the inlet of conversion block 

is: 

 




inQ Q  (4.1) 

where Q  is the total flow rate through the runner, m3/h; λ is runner inlet arc angle;   

is the orientation entry angle of the conversion block. 

The orientation entry angle of the conversion block can be calculated by: 

0
0

0

cos
csc( )


  

r

R
 (4.2) 

where 0  is the orientation angle of the guide block; r  is the runner outer radius. 

According to fluid continuity, the inlet area of the conversion block inA  can be 

calculated: 

 in
in

in

Q
A

V
 (4.3) 

where inV  is the flow velocity at the inlet of conversion block. 
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Based on the second assumption and energy equation, the velocity at the block 

inlet can be determined as: 

2 2

0

1
( )

2
  ing H V V  (4.4) 

where H  is the water head reduction through the turbine, m; 
0V  is the water flow 

velocity in the pipe, m/s. 

By combining Eqs.4.1-4.4, the area of conversion block inlet inA  can be 

obtained. Besides that, inA  can also be acquired by definite integration. Fig.4.1(b) 

shows the cross section of the water pipe through the inlet of the conversion block and 

runner central axis. The shape of the cross section is an ellipse that can be described 

as: 

2 2

2 2
1 

x y

a b
 (4.5) 

0cos( )
2

pipea R


     (4.6) 

 pipeb R  (4.7) 

where a is the length of long axes of the ellipse, m; b is the length of short axes of the 

ellipse, m; 
pipeR  is the radius of the water pipe, m. 

The cross section between the block and runner is a part of the ellipse described 

by Eqs.4.5-4.7 and its area '

inA  can be calculated as: 



 

86 

0' 2 
R

in
r

A ydx  (4.8) 

The definite integral can be solved by substitution method: 

'

2 1 2 1(sin 2 sin 2 ) ( )
2

   in

ab
A t t ab t t  (4.9) 

1 csc
r

t
a

 (4.10) 

0
2 csc

R
t

a
 (4.11) 

where, t1 and t2 are the substitution parameters; r is the outer radius of the runner, m. 

By combining Eqs.4.2 and 4.5-4.11, a calculation method related to 0R  can be 

obtained for determination of the area of conversion block inlet. It is very difficult to 

get analytic solution of 0R  but an approximate solution can be acquired based on 

iteration method. By giving an initial value and a range of 0R , the value of '

inA  can 

be calculated. If the value of '

inA  satisfies the followed equation, this 0R  can be 

regarded as the required value. 

'

in in

in

A A
C

A


  (4.12) 

where, C is the allowable deviation, 2% is selected in this study. 

The second step is to determine the interval values of R  at different azimuthal 

angle, similarly, the flow rate at the cross section through runner central axis and R  
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can be calculated as  



  



 
Q Q  (4.13) 

It is assumed that the flow velocity in the space between the conversion block and 

runner is uniform, so the area of the cross section through runner central axis and Rθ 

can be calculated: 

in

Q
A

V


   (4.14) 

The elliptic equation of the cross section can be described as:  

2 2

2 2
1 

x y

a b
 (4.15) 

0cos( )
2


     pipea R  (4.16) 

 pipeb R  (4.17) 

The area of the cross section through runner central axis and Rθ can also be 

calculated by definite integration: 

' 2
R

r
A ydx



    (4.18) 

By comparing A  and 'A , the values of R  can be obtained and the shape of 

conversion block can be determined finally. 

As the main function of guide block is to direct the water flow to the runner and 
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conversion block. Its main geometrical parameter is the attack angle α which is showed 

in Fig.4.1. The attack angle determines the flow inlet direction and its effect on the 

turbine performance has been studied by several researchers [63] [85] [86]. In this 

study, the value of attack angle is designed as 22°, which is suggested as the optimum 

value by the references [54] [63]. 

4.1.3 Implications for block optimization  

The block design plays an important role in performance enhancement of inline 

cross-flow turbines as the block converts water head into flow kinetic energy and 

determines the flow attack angle. The proposed mathematic design method for the 

blocks is a series of equations relevant to several geometrical parameters of the block. 

The block design method can not only provide guidance for inline cross-flow turbine 

design, but also indicate the main block geometrical parameters that affecting the 

turbine performance and offer inspirations for turbine improvement. 

(1) Orientation angle of guide block 0 . 0  has effects on the shapes of both 

conversion block and guide block thus affects turbine performance. Firstly, with the 

variation of 0 , position of the guide block terminal will change correspondingly, 

which has a significant effect on the flow attack angle at the runner inlet, resulting in 

flow separations in blades passages on different levels [20]. Besides, the guide block 

with a bigger orientation angle can cover more returning blades, therefore the negative 

torque of water flow on the runner can be reduced. Finally, for a uniform runner inlet 

arc angle, position of the conversion block terminal also varies with the change of 0 , 

which has great effects on the water flow from the runner outlet. 

(2) Runner inlet arc angle λ. The runner inlet arc angle λ affects the turbine 
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performance mainly by affecting the shape of conversion block. It is noted that the 

main function of the conversion block is to convert water head into flow kinetic energy, 

so for different λ, the converted water head is different and flow velocities at runner 

inlet also varies. 

(3) It can be concluded that different block geometries can lead to different flow 

attack angles and velocities at runner inlet. Therefore, it is of vital importance to 

achieve a good matching between the blocks and the runner, otherwise shock loss may 

occur at the runner inlet and flow separation may exists in the blades passages, which 

has a negative impact on the overall performance of the inline cross-flow turbine. 

4.2 Theoretical analysis of the cross-flow runner 

Runner is another key component for the inline cross-flow turbine as it captures 

torque from water flow and transmit the torque to the generator. Theoretical analysis 

of its working mechanism can offer inspirations for its geometrical improvement. This 

part starts from the derivation of turbine fundamental equations, which can be helpful 

to understanding the energy transformation inside the runner. In particular, the 

fundamental equations of cross-flow turbines are derived to obtain the expression of 

turbine efficiency, thus the influencing factors on the turbine performance can be 

analyzed.  

4.2.1 Derivation of turbine fundamental equations 

The working mechanism of the runner can be described using Bernoulli's 

equation, which is actually an expression of energy conservation. For incompressible 

fluid and steady motion, the energy of a fluid streamline can be described as: 



 

90 

2

( )
2

V p
gz C 


    (4.19) 

where 
2

2

V
 refers to kinetic energy; gz  refers to potential energy; 

p


 refers to 

pressure energy; ( )C   is the Bernoulli constant, which means total energy of the fluid 

streamline. 

 

Fig.4.2 Micro fluid stream in the blades passage 

To analyze the working principle of the runner, it is assumed that there is no water 

head loss throughout the runner. Water flow through the blades passages can be 

divided into a lot of micro fluid stream. As shown in Fig.4.2 is one micro fluid stream, 

based on Bernoulli's equation, the total energy of the micro fluid stream at blades 

passage inlet and outlet are: 

2

1 1
1 1

2

p V
e gz


    (4.20) 

2

2 2
2 2

2

p V
e gz


    (4.21) 
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The energy difference of the micro fluid stream between blades passage inlet and 

outlet can be regarded as the energy from micro fluid stream that captured by blades.  

2 2

1 1 2 2
1 2 1 2

2 2

p V p V
e e e gz gz

 

 
         

 
 

(4.22) 

In addition, based on the Bernoulli's equation for relative motion: 

2 2 2 2

1 1 1 2 2 2
1 2

2 2

p W U p W U
gz gz

 

 
      (4.23) 

where 1W  is the relative flow velocity at the inlet of blades passage; 2W  is the 

relative flow velocity at the outlet of blades passage; 1U  and 2U are the velocities of 

the rotating reference system. 

Combining Eqs.4.22 and 4.23: 

2 2 2 2 2 2

2 1 2 1 2 1

2 2 2

W W U U V V
e

  
     (4.24) 

Based on the flow velocity triangle at the inlet of blades passage: 

2 2 2

1 1 1 1 1 12 cosW V U VU     (4.25) 

Similarly, based on the flow velocity triangle at the outlet of blades passage: 

2 2 2

2 2 2 2 2 22 cosW V U V U     (4.26) 

Combining Eqs.4.24-4.26, the following equation can be obtained: 
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1 1 1 2 2 2cos cose VU V U   
 

(4.27) 

Therefore, the theoretical power from the micro flow stream is: 

1 1 1 2 2 2( cos cos )tdP dQ VU V U   
 

(4.28) 

For the whole flow through the blades passage, the theoretical power can be 

calculated by: 

1 1 1 2 2 2( cos cos )tP Q VU V U   
 

(4.29) 

4.2.2 Fundamental equations of cross-flow turbine 

 

Fig.4.3 Flow streamline through the cross-flow runner 

Fig.4.3 indicates the steady through the cross-flow runner. The unique 

characteristic of cross-flow turbine is that water flows through blades passages twice 

before leaving the runner. Therefore, the theoretical power of cross-flow turbine is 

composed of two parts: power from the first stage and the second stage. Based on 
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Eq.4.29, the theoretical power of cross-flow turbine can be calculated by: 

1 1 1 2 2 2 3 3 3 4 4 4( cos cos cos cos )tcftP Q VU V U V U V U       
 

(4.30) 

It is assumed that no energy loss in the space between the first and second stage. 

Based on Fig.4.3, the following equations can be obtained: 

2 3V V
 

(4.31) 

2
2 3

2

D
U U  

 

(4.32) 

2 3 
 

(4.33) 

So, Eq.4.30 can be modified as: 

1 1 1 4 4( cos cos )tcftP Q U V V   
 

(4.34) 

Based on the flow velocity triangles at the runner inlet and outlet: 

1 1 1 1 1cos cosV U W  
 

(4.35) 

4 4 4 4 4cos cosV U W  
 

(4.36) 

4 1180  
 

(4.37) 

1
1 4

2

D
U U  

 

(4.38) 

Eq.4.34 can be further modified as: 



 

94 

 1 1 1 12 costcftP Q U V U  
 

(4.39) 

The input power can be calculated: 

2

1 2in tP gQH QV  
 

(4.40) 

Then the theoretical efficiency can be obtained: 

2

1 1
1

1 1

4 cos 4tcft tcft in

U U
P P

V V
 

 
    

   

(4.41) 

Considering 1

1

U

V
 and 1  as the variables in Eq.4.41, taking a derivative with 

respect to the efficiency and letting the derivative equals to zero, then the following 

relationship can be obtained: 

1
1

1

1
cos

2

U

V


 
(4.42) 

Hence the maximum turbine efficiency can be approximately calculated as: 

2

max 1cost 
 

(4.43) 

In addition, based on the flow velocity triangle at the runner inlet which is 

showed in Fig.4.4, the relationship between 1U  and 1V  can be derived based on 

their geometrical relationship: 

1 1 1 1 1sin cos( 90 )U V    
 

(4.44) 
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Fig.4.4 Flow velocity triangle at the runner inlet 

Combing Eqs.4.42 and 4.44, the theoretical maximum efficiency of cross-flow 

turbine is obtained when: 

1 1tan 2 tan 
 

(4.45) 

The above equation reveals the relationship between flow attack and blades 

outer angle, and the relationship is widely used in research of many researchers.  

4.2.3 Implications for runner optimization  

The runner theoretical analysis reveals the working mechanism of the cross-flow 

turbine and provide a function for turbine efficiency assessment. In addition, the 

derivation process offers an understanding of the effects of runner geometries on the 

turbine performance and provide inspirations for runner improvement.  

(1) Based on the obtained function about turbine efficiency, flow velocity and 

attack angle at the runner inlet and blades outer angle are three main parameters that 

affecting turbine performance. However, the flow velocity and attack angle are mainly 

determined by the blocks. Therefore, on the one hand, it is important to optimize the 

block design for turbine performance improvement. On the other hand, it is of vital 

importance to achieve a good matching between the blocks and the runner. 
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(2) The fact that attack angle can determine the turbine efficiency has been 

indicated by the literature review and many researchers have suggested the optimal 

values of attack angle based on their numerical or experimental results. However, due 

to the large range of operating conditions, it is still far away to have a unique optimal 

value for the attack angle. Hence, for different cases, the optimal attack angle should 

be obtained by comparing the performance of models with different attack angles using 

numerical or experimental methods. 

(3) In the derivation process, friction and head loss through the runner are 

neglected. However, losses caused by friction and hydraulic shock are inevitable. For 

different attack angles, there are different corresponding blades outer angles and blades 

curvatures, resulting in different friction and shock losses. Besides, for different blades 

number, the area of blades passages is varying, resulting in different friction losses. 

Therefore, it is necessary to analyze the flow characteristics inside the runner to 

investigate the effects of runner geometrical parameters on turbine performance. 

4.3 Main geometrical parameters of the blades 

 

Fig.4.5 Blades geometrical parameters of the cross-flow runner 

As indicated in Fig.4.5 is the blades geometry of the cross-flow turbine. The key 
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geometrical parameters of blades include outer blade angle β1, inner blade angle β2 and 

blade radius bR . Among them, the optimal values of β1, β2 can be determined based 

on the simulations results. the blade radius bR  can be calculated by: 

2 2

1 2

1 14 cos
b

D D
R

D 




 

(4.46) 

It can be observed from the above equation that the blades shape can not only be 

affected by the blades outer angle, but also be determined by the runner inner and outer 

diameter. Which means after the determination of β1 and D1, the runner diameter ratio 

2 1D D  will also influence the blades shape. So, it is also very important to study the 

effects of 2 1D D  on the performance of the cross-flow turbine thus determine the 

optimal value finally. 

4.4 Summary 

This chapter presents a mathematic design method for blocks in inline cross-flow 

turbine. Moreover, the theoretical working principle of the runner is also introduced to 

provide guidance for runner parameter optimization. The main works of this chapter 

are summarized as follows. 

(1) The mathematic design method for the block design was developed based on 

fluid continuity and energy conservation. The proposed mathematic design method for 

the blocks is a series of equations relevant to several geometrical parameters of the 

block and it is supposed to provide design guidance for the ducted elements of inline 

cross-flow turbines. 

(2) Based on the proposed block design method, the guide block orientation angle 
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and runner inlet arc angle have great impacts on the block shapes. It is necessary to 

study the effects of these two parameters on the turbine output power, water head loss 

and flow characteristics.  

(3) Using Bernoulli's equation, the working mechanism of cross-flow runner was 

analyzed and the expression of theoretical turbine performance was obtained, which 

offers guidance for further research. It is suggested to determine the optimal runner 

parameters, including blades outer angle, runner diameter ratio and blades number, by 

comparing the performance of different turbine models using numerical or 

experimental methods. 

(4) Based on the analysis of this chapter, the blocks can determine the flow 

velocity and attack angle at the runner inlet, while the flow velocity and attack angle 

can influence the blades shapes and turbine efficiency, the runner design should match 

with the block design to achieve the best turbine performance.  
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CHAPTER 5 NUMERICAL STUTY ON THE EFFECTS 

OF GUIDE BLOCK ORIENTATION ANGLE ON THE 

PERFORMANCE OF INLINE CROSS-FLOW 

TURBINE 

In the previous chapter, a design method for the block is proposed. The main 

function of the blocks is to direct water flow to the turbine and convert part of the 

water head into flow kinetic energy, so a better block design can lead to a higher 

turbine performance. As suggested in the previous chapter, the guide block orientation 

angle and runner inlet arc angle have great impacts on the block shapes, this chapter 

presents the numerical study of guide block orientation angle on the turbine 

performance. Specifically, numerical investigations are carried out to verify the 

proposed method and study the effects of different block designs on turbine 

performance. Three turbine models with different guide block orientation angles are 

built and simulated to study the impacts of guide block orientation angle on the output 

power, water head reduction, flow characteristics, pressure distribution and power 

output of each runner stage. A comparison of three models with different guide block 

orientation angles reveals that the model with the largest conversion block orientation 

angle performs best, because the blocks from this model not only function better in 

terms of flow separation and negative torque reduction at the first stage, but also 

convert more water head into kinetic energy. Numerical results show that the inline 

turbine can achieve its maximum efficiency of 42.4% with a power output of about 

1500 W and that the water head reduction is limited within an acceptable range. 
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5.1 Physical turbine models with different guide block orientation 

angles 

 

(a) 
0 0    

 

(b) 
0 15     

 

  (c) 
0 30    

Fig.5.1 Turbine models with different guide block orientation angles 
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Three turbine models (as shown in Fig.5.1) are obtained using the mathematic 

design method by varying the guide block orientation angle. The guide block 

orientation angles of these three models are 0°, 15° and 30°, respectively. In these three 

models, the runner inlet arc angle keeps 120°. As the turbine model is symmetric, only 

one symmetric part is modeled. 

5.2 Meshing and numerical setup 

In this part, the three physical models were built in SolidWorks 2014 and the 

meshing strategy is same with that in Part 3.2, However, as the turbine model has been 

redesigned, it is necessary to study the effects of meshing number on computing 

accuracy to minimize numerical uncertainty. 

 

Fig.5.2 Grid independence test results 

The grids were generated using ANSYS ICEM 14.5, as the geometries of the 

turbine body and runner were highly complex because of the curved walls and narrow 

tip regions, so in the meshing process, a “tetra mesh” was used to generate grids in 

domains far from boundaries, and a “prism mesh” was used for grid generation in 
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domains near boundaries, such as the pipe wall and blades. A grid independence test 

was conducted to measure the output shaft power at the runner rotating speed of 300 

rpm. Four meshing schemes were tested with grid numbers of 1.82, 2.88, 3.77 and 5.31 

million. Fig.5.2 shows the grid independence test results. Based on these results, the 

total grid number of 3.77 million was taken for the next study. Fig.5.3 shows the final 

computational mesh. 

 

Fig.5.3 Final meshing scheme: (a) Meshing of the whole computational domain; (b) 

Meshing of the turbine body; (c) Zoomed view of the blades meshing 

SST k   model is used for CFD simulations as this model combines the 

standard k   model and standard k   model and takes the effects of turbulence 

shear stress into consideration in the definition of turbulence viscosity and can capture 

the micro flow in the viscous layer. The simulations were conducted in ANSYS Fluent 

14.5 using a second-order-accurate finite-volume discretization scheme, and the target 

RMS was set to 10-5. The inlet and outlet boundary conditions were determined based 
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on the working conditions in the water mains. Flow velocity and water head are the 

main parameters for turbine design, and the downstream water head on the turbine is 

an important issue for assessment of the influence of turbine application on the normal 

water supply. The inlet velocity is considered as the inlet boundary condition of the 

inlet face, whereas the outlet boundary condition is set as the pressure outlet. In 

addition, the boundary condition of the turbine wall, blocks, and blades was set as a 

smooth non-slip wall. 

5.3 Data analysis 

This study aims to investigate the effects of different block designs on turbine 

performance, and mainly uses the numerical method. In the simulation process, the 

water head at the inlet and outlet boundary and the torque of the runner were recorded 

for turbine performance assessment. The simulated performance parameters of water 

head loss H , output shaft power shaftP , input power inP  and turbine efficiency   

can be calculated by the following equations: 

in outH H H    (5.1) 

inP g HQ   (5.2) 

shaftP T  (5.3) 

shaft

in

P

P
   (5.4) 

where inH  is the water head at inlet boundary, m; outH  is the water head at outlet 

boundary, m;   is the rotational speed, rad/s; T is the torque of the runner, N·m;   
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is water density, kg/m3; g  is acceleration of gravity, m/s2; Q  is the water volume 

flow rate, m3/s. 

5.4 Results analysis and discussion 

In this part, a series of simulations were conducted to understand the function of 

the block and the effects of different block designs on turbine performance. The 

simulations were conducted at different TSRs under the flow velocity of 1.5m/s. The 

numerical results can provide us an in-depth understanding about the influencing 

mechanism of guide block orientation angle on the turbine performance. 

5.4.1 Output power and efficiency of the turbine 

Fig.5.4 and Fig.5.5indicate the output power and efficiency of the three different 

models. The output power and efficiency both increase as the TSR increases until they 

reach maximum value, then decrease. In terms of output power, the maximum value 

of the model with 0 0    occurred when TSR was 0.9, whereas the other two models 

had their maximum output power at a TSR of 1. It can also be observed that as 0  

increases, the maximum output power also increases significantly. For example, the 

maximum output power of the model with 0 30    was greater by 422 W (nearly 

35%) than that of the model with 0 0    From the perspective of efficiency, the 

pattern of variation is similar to that for output power. However, the best efficiency of 

all the models was seen at a TSR of 0.7. Among the three models, the model with 

0 30    had the best efficiency among the other two models, and its best efficiency 

was 42.4%. In conclusion, the orientation angle of the guide block does affect the 

turbine output power and efficiency. The reasons for this difference will be analyzed 
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next. 

 

Fig.5.4 Output power of inline turbines with different blocks 

 

Fig.5.5 Efficiency of inline turbines with different blocks 

5.4.2 Analysis of flow characteristics 

To investigate the reasons for the performance difference of the three models, 

their flow characteristics were analyzed because they play an important role in 

determining turbine performance. In this study, the flow velocity vectors in the block 
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and runner domains and the flow velocity and angle at the runner inlet are emphasized. 

Fig.5.6 indicates the flow velocity vectors of the three models at a TSR of 0.7. In all 

these models, the block improves the flow velocity through the runner, which means 

the block increases the kinetic energy of water flow. The flow velocity in the second 

stage is higher than in the first stage, because the blade passages in the first stage are 

converging and the water flow accelerates before entering the blade passages of the 

second stage.  

 

       (a) 
0 0    

 

 (b) 
0 15                        (c) 

0 30    

Fig.5.6 Flow velocity vectors of the three models at a TSR of 0.7 
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The ideal flow through the runner of a cross-flow turbine is expected to be parallel 

to the blade surface. However, it can be noticed that in Fig.5.6(a) and (b), flow 

separations occur in the first stage of the models with 0 0    and 0 15   . Flow 

separation is caused by a mismatch between flow attack angle and blade inlet angle 

and has a negative effect on turbine performance. Flow separation can not only cause 

hydraulic loss, but also have a negative influence on the quality of water flow in the 

second stage [20]. Compared to the other models, the model with 0 30    has a 

better flow field, and only slight flow separation occurs in the blade passages. The 

main reason for this phenomenon is that the guide block of the model with 0 30    

covers a greater area of the runner and functions better in directing water flow, leading 

to a better match between the flow attack angle and blade inlet angle. It can also be 

observed that no flow separation occurs in the second stage of all three models, because 

the flow velocity at the entrance of the second stage is slightly increased due to the 

converging blade passages in the first stage.  

 

Fig.5.7 Computed and designed flow velocity along the runner inlet arc 
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Fig.5.7 shows the computed and designed flow velocity distribution along the 

runner inlet. Note that the designed flow velocity is determined based on the 

hypothesis that the conversion block transfers all the water head into flow kinetic 

energy, as expressed by Eq.4.4. It is obvious from Fig.5.7 that the computed flow 

velocity of all three models fluctuates sharply along the runner inlet arc. At the opening 

of the runner inlet, the flow velocity is relatively high, possibly because the opening 

of the runner inlet is also the terminal of the guide block, where jet flow is easily 

formed. It can be observed that in the angle range from 20° to 90° of the runner inlet 

arc, the flow velocity of the model with 0 30    fluctuates around the designed flow 

velocity, which means the conversion block can convert nearly all the reduced water 

head into flow kinetic energy and fulfill its intended function. The flow velocities of 

the models with 0 15    and 0 0    in the same runner inlet arc angle range are all 

less than the designed flow velocity. The reason is that the runner inlet areas covered 

by the conversion block in these two models are relatively small; as a result, the 

conversion block cannot fully achieve its function. It is interesting to note that at the 

terminal of the runner inlet, the flow velocities of all three models increase sharply. 

The main reason for this phenomenon is the tip clearance between the conversion 

block and runner, and leakage through the tip clearance may increase the flow velocity. 

Fig.5.8 shows the computed flow inlet angle along the runner inlet and blades 

outer angle. A significant difference can be seen between the computed flow inlet 

angle and blades outer angle, especially in the angle range from 0° to 40° of the runner 

inlet arc. Comparing these three models, the difference in the models with 0 15    

and 0 0    is greater than in the model with 0 30   , which explains the existence 

and variation of flow separations indicated in Fig.5.6. It can also be observed that the 
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difference decreases as 0  increases, which results from the fact that the guide block 

in models with greater 0  can cover more runner inlet area than toward the flow 

direction and better direct the water flow. In the angle range from 60° to 120° of the 

runner inlet arc, the inlet angle of all three models remains stable around 25°, which is 

much smaller than the blade inlet angle. To further enhance inline turbine performance, 

the blade design should be improved for a better matching with the proposed block 

design; this possibility will be investigated in the following chapters.  

 

Fig.5.8 Computed flow inlet angle along the runner inlet arc 

5.4.3 Analysis of pressure distribution 

Fig.5.9 shows the pressure contours in the flow field of the conversion block and 

runner in the three models. In all three models, the blocks function as a convergence 

nozzle, while the downstream side functions as a diffuser. The water pressure at the 

upstream side of the runner is higher than on the downstream side, leading to a pressure 

difference that can draw in more water and increase the flow velocity. Usually, the 

runner blades rotate from the pressure side to the suction side because of the force of 



 

110 

water from the pressure side. However, it can be observed that small high-pressure 

regions occur at the leading edge of the suction side of the first few blades at the first 

stage of all three models, which has a negative impact on runner torque output. A 

comparison of the pressure contours of three models shows that high pressure regions 

shrink with the increase of 0 , because the guide block’s function of directing water 

flow is significantly enhanced with the increment of 0 . A pressure difference exists 

between the pressure side and suction side of the remaining blades at the first and 

second stage, leading to the normal torque output of the runner. 

 

       (a) 
0 0    

 

 (b) 
0 15                        (c) 

0 30    

Fig.5.9 Pressure contours of the three models at a TSR of 0.7 
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Fig.5.10 Torque output of each blade at the first and second stage 

 

Fig.5.11 Torque output of different stages 

Fig.5.10 illustrates the torque output of each blade at the first and second stage. 

The torque output of the first three blades at the first stage is negative or very small, 

which is consistent with the pressure distribution in Fig.5.9. After that, the torque 

extraction of the blades undergoes a significant increase. Among the three models, the 

model with 0 30    offers good performance in terms of blade torque extraction. 

Fig.5.11 compares the torque output of the first and second runner stage. It is clear that 
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in the three different models, the torque output at the second stage is higher than that 

at the first stage, mainly for the following reasons. Firstly, the flow inlet angle has a 

good matching with the blade inlet angle at the second stage, and no flow separation 

is found in the blade passages. Secondly, the water flow accelerates slightly before 

entering the second stage, because of the converging blade passages in the first stage. 

The torque output at the first runner stage increases by 12% when 0  increases from 

0° to 30°, mainly because in models with larger 0 , the guide block performs better in 

reducing high pressure regions on the blades’ suction side, thus the conversion block 

can convert more water head into kinetic energy.  

5.4.4 Water head reduction 

Water head reduction is a major consideration when applying hydro turbines in 

water mains, because excessive water head loss will influence normal water supply. 

Fig.5.12 shows the numerical water head reduction of the three models, which 

indicates that these three models have similar performance in water head reduction. At 

the best efficiency (TSR=0.7) the water head reduction of the three models is less than 

5m water. The Water Supplies Department of Hong Kong has indicated that a water 

head reduction of 5 m is within the acceptable range. To further show the functioning 

of the proposed block, Fig.5.13 shows the water head reduction caused by the 

conversion block. It is assumed that water head loss caused by friction or shock can be 

ignored, so the water head reduction in the conversion block is all converted into 

kinetic energy. As shown in Fig.5.13, the water head reduction caused by the 

conversion block in the models with 0 0   , 0 15   , and 0 30    is around 0.7, 

0.85, and 1.1 m, respectively, whereas the ideal value is 1.15 m. The results further 

demonstrate the superior performance of the inline turbine model with 0 30   . 
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Fig.5.12 Water head reduction of the three models 

 

Fig.5.13 Water head reduction caused by the conversion block 

5.5 Summary 

In this chapter, three models were established using the proposed block design 

method. The effects of different block designs on turbine performance were studied 

using numerical methods. The output power, efficiency, flow field characteristics, and 

water head reduction were analyzed to verify the proposed method and analyze the 
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functions of the blocks. Based on this study, the following conclusions can be stated: 

(1) The proposed design method is effective for inline cross-flow turbine design. 

Numerical results showed that the inline turbine could reach its maximum efficiency 

of 42.4% with about 1500 W power output. 

(2) The blocks play an important role in performance enhancement of inline 

cross-flow turbines, because they convert part of the water head into kinetic energy, 

leading to a high flow velocity through the runner.  

(3) The pressure distribution inside the inline turbine is considerably improved 

by improving the block design. The high-pressure regions on the suction side of the 

first several blades at the first stage could be reduced, and the torque output of the first 

stage nearly doubled after block improvement. 

(4) The numerical results showed that the proposed inline turbine could be applied 

in water mains without affecting normal water supply because the water head reduction 

through the turbine was within the acceptable range. 

(5) Among the models with 0 0   , 0 15    and 0 30   , the model with 

0 30    performed better than the other two. In this model, the blocks not only 

reduced negative torques at the runner in the first stage, but also converted more water 

head into kinetic energy.  

(6) The research results could provide guidance for the on-site application of 

inline cross-flow turbines. The block shape can be determined based on different 

working conditions (i.e., flow rate, water head, and power demand), which will 

significantly contribute to the turbine’s use around the world.  
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CHAPTER 6 NUMERICAL STUTY ON THE EFFECTS 

OF RUNNER INLET ARC ANGLE ON THE 

PERFORMANCE OF INLINE CROSS-FLOW 

TURBINE 

The guide block orientation angle and runner inlet arc angle are two key 

parameters that affect the shape and function of the blocks in inline cross-flow turbine. 

In the previous chapter, the effects of guide block orientation angle on turbine 

performance has been investigated and an optimal value was obtained. In this chapter, 

numerical study on the effects of runner inlet arc angle is performed. In particular, four 

models with different runner inlet arc angles are developed. The turbine’s performance, 

function of conversion block, flow velocity characteristics, pressure distribution and 

blades torque output of the models are then analyzed. Results indicate that a smaller 

runner inlet arc can increase the flow velocity at runner inlet and pressure difference 

between the upstream and downstream of the runner, resulting in a higher output power 

but also a higher overall water head reduction through the turbine. Besides, it is found 

that the runner inlet arc angle has a significant influence on the power output of runner 

second stage. With the increase of runner inlet arc angle, the torque output at the 

second stage encounters a gradual decrease. To achieve a good balance between 

turbine efficiency and water head reduction, the suggested runner inlet arc angle is 

105°. Numerical results show that the model with 105° runner inlet arc angle could 

produce a maximum power generation efficiency of 42.6% with about 1600W power 

output. 
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6.1 Physical turbine models with different runner inlet arc angles 

To study the impact of different runner inlet arc angles on the turbine performance, 

four physical models of the inline cross-flow turbine are built using Solidworks 2014 

based on the proposed design methods. Fig.6.1 shows the models studied in this 

research, the runner inlet arc angles of case 1-4 are 90°, 105°, 120° and 135°, 

respectively. In this part, the three physical models were discretized in Ansys ICEM 

14.5 and the meshing strategy is same with that in Part 5.2.  

 

Fig.6.1 Physical models of the inline cross-flow turbine (a) Case 1: λ=90° (b) Case 2: 

λ=105° (c) Case 3: λ=120° (d) Case 4: λ=135° 

6.2 Results analysis and discussion 

6.2.1 Numerical turbine performance 

To fully study the effects of different runner inlet arc angles on the inline cross-

flow turbine performance, the numerical models were simulated at different TSRs 

under the flow velocity of 1.5m/s. Fig.6.2-6.4 show the output power, water head 

reduction through the turbine and efficiency of the four cases, respectively. With the 

increase of TSR, the output power of four cases increases until reaching maximum, 
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then decrease. By comparing the curves in Fig.6.2, the turbine output power decreases 

with the increase of runner inlet arc angle. For example, when λ=90°, the maximum 

output power is about 2013W, nearly 26% higher than that of the model with λ=135°. 

Besides, the maximum output power of the four cases occurs when TSR equals to 1.1, 

1.0, 1.0 and 0.9, respectively.  

 

Fig.6.2 Output power of different cases 

Fig.6.3 shows the water head reduction through the turbines with different runner 

inlet arc angle. The water head reduction of all the four cases increases gradually with 

the increase of TSR. However, it can be observed that, while Cases 2-4 have the similar 

water head reduction. In term of efficiency, the four cases have the same trend. The 

maximum efficiency of Case 1 occurs when TSR is 0.8 while Cases 2-4 get their 

maximum efficiency at TSR of 0.7. Among the four cases, the overall efficiency of 

Case 4 is the poorest, only around 39%, for the other cases, the efficiency difference 

is relatively slight. Case 2 has a better efficiency than the other three models, with the 

maximum value of 42.6% and the corresponding output power is about 1565W. It can 

be concluded that with the increase of runner inlet arc angle, the best efficiency of 
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inline cross-flow turbine first rises then falls. Besides, Case 2 also keeps a high 

efficiency in a wide range of TSR. As observed in Fig.6.3, at the best efficiency TSR, 

the water head reduction of Cases 2-4 is around 5m water, which satisfies the 

requirement of the WSD very well. In conclusion, to achieve a good balance between 

turbine efficiency and water head reduction, Case 2 is the best model among the four 

studied cases. 

 

Fig.6.3 Water head reduction of different cases 

 

Fig.6.4 Efficiency of different cases 
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6.2.2 The function of the conversion block 

As described in Chapter 2, the main function of conversion block is to convert 

part of the water head into kinetic energy. To analyze the effect of runner inlet arc 

angle on the function of conversion block, water head reduction through the 

conversion blocks of four cases are indicated in Fig.6.5. In the analysis, the friction 

and hydraulic loss are ignored, so the reduced water head through the conversion block 

is converted into kinetic energy completely. As shown in Fig.6.5, the overall variation 

trend is that the converted water head rises gradually with the increase of TSR. The 

case with a smaller runner inlet arc angle can convert more water head. For instance, 

in Case 1, the conversion block converts 1.35m water head into kinetic energy at TSR 

of 0.7, while in Case 4, the value is only 0.9m. The variation of converted water head 

with runner inlet arc angle also provides explanations for the difference of output 

power and water head reduction in the cases.  

 

Fig.6.5 water head reduction through conversion block 
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6.2.3 Flow velocity characteristics 

 

Fig.6.6 Velocity vectors showing water flow through the inline cross-flow turbine  

(a) Case 1: λ=90° (b) Case 2: λ=105° (c) Case 3: λ=120° (d) Case 4: λ=135° 

The flow velocity characteristics through the proposed inline cross-flow turbine 

are studied to evaluate the influencing mechanism of runner inlet arc angle on turbine 

performance. As all the four cases get the best efficiency when TSR equals to 0.7 or 
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0.8, the flow fields at TSR of 0.7 are analyzed in this research. Fig.6.6 shows the 

velocity vectors distribution inside the cross-flow turbine, it can be seen clearly that 

the proposed blocks have a good function in directing the water flow and enhancing 

the flow velocity before entering the runner. It can be observed that runner inlet 

velocity in Case 1 is higher than the other three cases, which means the blocks in Case 

1 can convert more water head into kinetic energy.  

The main feature of cross-flow turbine is that the water flow passes twice through 

the runner and does work twice on the blades. As shown in Fig.6.6, the flow velocity 

in the second stage is higher than that in the first stage as the blades passage in the first 

stage is converging and the flow velocity is slightly accelerated after leaving the first 

stage. Comparing the velocity vectors of Cases 1-4, in a case with bigger runner inlet 

arc angle, the water flow passes through more blades, this phenomenon indicates that 

runner inlet arc angle has an impact on the power output of each blade and stage and 

this issue will be discussed in the following part.  

Fig.6.7 indicates the flow velocity distribution along the runner inlet arc of the 

four cases. To compare the velocities of four cases, the variable of x axis in Fig.6.7 is 

the position of runner inlet arc. The flow velocity at the runner inlet arc of the cases 

fluctuates significantly in the range from 4.5-6.5m/s, but it can be observed that the 

mean velocity reduces slightly with the increase of runner inlet arc angle. After 

calculation, the mean runner inlet velocity of Case 1-4 is 6.01, 5.79, 5.36 and 5.12 m/s, 

respectively. The difference between runner inlet velocities also explains why the 

power output of Case 1 is the highest among four studied cases. As the flow velocity 

at runner inlet is a crucial factor in affecting the performance of cross-flow turbine, it 

can be concluded that the runner inlet arc angle plays an important role in influencing 
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the performance of inline cross-flow turbine by determining the runner inlet velocity. 

It is interesting to note in Fig.6.7 that the flow velocity at the end of runner inlet arc 

increases significantly in all the cases. The main reason for this phenomenon is the 

existence of tip clearance between conversion block and runner and leakage through 

the tip clearance may accelerate the flow velocity. 

 

Fig.6.7 Flow velocity distribution along the runner inlet arc 

6.2.4 Pressure distribution  

Water head variation in the cross-flow turbine is another factor that influences 

turbine performance. In this study, the water head distribution through the proposed 

turbine (as shown in Fig.6.8) is also investigated. The water head is higher on the 

upstream side of the runner, then reduces through and behind the runner, where 

pressure difference occurs. Water head through the conversion block reduces gradually, 

which is because that the conversion block convert part of the water head into kinetic 

energy. It can be observed in the blades passages at first and second stage, water head 

on blade pressure side is higher than that on the suction side, which caused pressure 
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difference. As a result, the force caused pressure difference pushes the blades to rotate 

from pressure side to suction side thus power is generated. 

 

Fig.6.8 Pressure distribution through the inline cross-flow turbine: (a) Case 1: λ=90°; 

(b) Case 2: λ=105°; (c) Case 3: λ=120°; (d) Case 4: λ=135° 
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The pressure difference between runner inlet and exit is considered a significant 

factor in power generation as it can draw in more water and increase the flow velocity. 

As the downstream water head is considered the same in the four cases, the water head 

along runner inlet arc is a key factor in output power enhancement of the inline cross-

flow turbine. From the pressure contours of the four cases, it is found that the water 

head at runner inlet reduces slightly with the increase of runner inlet arc angle. Fig.6.9 

compares the actual variation of water head distribution at runner inlet of all the cases. 

The water head fluctuates sharply along the runner inlet. It is clear that the average 

water head at runner inlet of Case 1 is higher than that in the other cases, which 

corresponds well with the variation showed in Fig.6.3. In conclusion, a smaller runner 

inlet arc can increase the pressure difference between the upstream and downstream 

of the runner, resulting in a higher output power but also a higher overall water head 

reduction through the turbine. 

 

Fig.6.9 Water head distribution along the runner inlet arc 
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6.2.5 Torque of each blade and stage  

 

Fig.6.10 Torque output of each blade at the first runner stage 

 

Fig.6.11 Torque output of each blade at the second runner stage 

To study the effect of runner inlet arc angle on the power of each blade, blades 

torque output at the first and second stage is shown in Fig.6.10 and Fig.6.11, 

respectively. Due to the variation of inlet arc angle, the blades number at each stage in 

different cases is different. As can be seen in Fig.6.10, although water flow does work 
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on more blades in the cases with bigger runner inlet arc angle, the torque output of 

each blade is relatively low. The main reason that accounts for this trend is the low 

flow velocity and water head at runner inlet in these cases. Fig.6.11 indicates that at 

the second stage, more blades can generate torque in cases with smaller runner inlet 

arc angle. Explanation of this phenomenon is that in the cases with a bigger runner 

inlet arc angle, the exit area of the runner is relatively small, resulting in the number 

reduction of blades which output torque at the second runner stage.  

 

Fig.6.12 Torque output of each runner stage 

Fig.6.12 summarizes the total torque output of the first and second stages. It can 

be observed that the effect of runner inlet arc angle on the first stage is slight. With the 

increase of runner inlet arc angle, the torque output at the second stage decreases 

gradually. For example, the torque output at the second stage in Case 1 is about 40% 

more than that in Case 4. The main reason for this phenomenon is that in a model with 

bigger runner inlet arc angle, flow velocity at the inlet of runner second stage is smaller. 

In addition, it can be seen that in the proposed inline cross-flow turbine, the second 

stage generates similar or more torque compared to the first stage, this is mainly 
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because of the higher flow velocity through the blades passage at the second stage. 

6.3 Summary 

This study aimed to investigate the impact of the runner inlet arc angle on the 

performance of inline cross-flow turbines. With the proposed block design method, 

four models with different runner inlet arc angles were built and simulated to obtain 

an in-depth understanding about the effect and influencing mechanism of runner inlet 

arc angle on turbine performance. As referred from the present study, the following 

conclusions can be obtained: 

(1) Based on the proposed block design method, the runner inlet arc angle is a 

key parameter in determining the shape of conversion block. Runner inlet arc angle 

has an important impact on the function of conversion block. A model with smaller 

runner inlet arc angle can convert more water head into flow kinetic energy through 

the conversion block. 

(2) A smaller runner inlet arc angle can increase the flow velocity at runner inlet 

and pressure difference between the upstream and downstream of the runner, resulting 

in a higher output power but also a higher overall water head reduction through the 

turbine. 

(3) The analysis about torque output of each blade and stage indicated that the 

runner inlet arc angle only had a slight influence on the power output of runner first 

stage but had a significant impact on that of runner second stage. With the increase of 

runner inlet arc angle, the torque output at the second stage encountered a gradual 

decrease. 

(4) To achieve a good balance between turbine efficiency and water head 
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reduction, the suggested runner inlet arc angle is 105°. Numerical results showed that 

the model with 105° runner inlet arc angle could reach a maximum efficiency of 42.6% 

with about 1565W power output. 
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CHAPTER 7 INVESTIGATION OF THE EFFECTS OF 

RUNNER AND BLADES GEOMETRIES ON THE 

PERFORMANCE OF INLINE CROSS-FLOW 

TURBINE 

As analyzed in Chapter 4, the main function of blocks is to direct water flow 

toward the runner and increase the flow velocity at the runner inlet. However, as 

indicated in Chapter 5, mismatching exists between the flow inlet angle and blades 

outer angle, which may result in shock loss and flow separation. To further enhance 

the performance of inline cross-flow turbine, it is suggested that the blades geometry 

should be improved for a better matching with the proposed block design. In this 

chapter, the influence of blades outer angle is investigated and an optimal value is 

suggested for a better matching with the block design. Besides, the effects of runner 

diameter ratio and blades number are also studied to further enhance the performance 

of inline cross-flow turbine.  

7.1 Study on effects of blades outer angle 

7.1.1 The optimal range of blades outer angle 

The blades outer angle β1 is the inlet angle of blades at runner first stage and the 

outlet angle of blades at runner second stage. Although many researches have 

suggested the optimal value of blades outer angle, as shown in the results of Chapter 

5, difference exists between the flow inlet angle and blades outer angle. Therefore, it 

is necessary to determine the optimal blades outer angle by CFD method. 
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Fig.7.1 The variation of flow inlet angle along the runner inlet arc 

Table 7.1 The main runner geometrical parameters with different β1 

Blades outer 

angle β1 

Blades inner 

angle β2 

Runner 

diameter 

ratio D2/D1 

Blades radius 

Rb 

Blades 

number Nb 

26° 90° 0.68 14.9mm 20 

28° 90° 0.68 15.2mm 20 

30° 90° 0.68 15.5mm 20 

32° 90° 0.68 15.8mm 20 

In Chapters 5 and 6, the optimal shape of the blocks has been determined by CFD 

method, the results indicated that the optimal guide block orientation angle and runner 

inlet arc angle are 30° and 105°, respectively. Fig.7.1 indicates the variation of flow 

inlet angle along the runner inlet arc in the turbine model with the optimal block shape. 

It can be observed that the flow inlet angle reduces when runner inlet arc angle 
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increases from 0° to 50° and fluctuates from 26° to 32° in the runner inlet arc angle 

range from 50° to 105°. To achieve a good matching between the flow inlet angle and 

blades outer angle, the optimal value of blades outer angle may occur in the range from 

26° to 32°. In this part of research, computations were performed when β1 equals to 

26°, 28°, 30° and 32°. The block geometries are selected as the optimal values which 

are suggested in the former parts and the main geometrical parameters of the runner 

are indicated in Table 7.1. 

7.1.2 Turbine performance 

All the simulations were conducted under the flow velocity of 1.5m/s at different 

TSRs. Fig.7.2 indicates the influence of β1 on turbine output power. It could be 

observed that the output power of turbines with β1 equals to 28° and 30° are better than 

the other models. The maximum turbine output power, 2200W, occurs when β1=30° 

at TSR equals to 1.2. It can also be noticed that when the TSR is lower (less than 0.8), 

the power deviation between each model is smaller. When the TSR is higher, the 

variation becomes more obvious. As can be seen in Fig.7.3 is the effects of β1 on water 

head reduction. With the increase of blades outer angle, water head reduction through 

the turbine decreases. When the blades outer angle is 26°, the water head reduction is 

higher than the other three models. The main reason for this phenomenon is that in the 

model with β1 equals to 26°, mismatching between flow inlet angle and blades outer 

angle is severe, resulting in more hydraulic loss than other models. The effects of 

blades outer angle on turbine efficiency is shown in Fig.7.4. When β1 increases from 

26° to 30°, the maximum turbine efficiency increases significantly from 45.9% to 

49.6%, keeping increase β1 from 30° to 32°, the turbine efficiency decreases slightly 

from 49.6% to 48.5%. Therefore, the turbine obtains its best efficiency when β1=30°, 
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where the TSR is 0.8. The variation of turbine output power and efficiency with the 

change of blades outer angle proves that a good matching between flow inlet angle and 

blades outer angle can significantly improve the turbine performance. To obtain a 

better turbine efficiency, the blades outer angle of the inline cross-flow turbine is 

suggested as 30°. 

 

Fig.7.2 The influence of blades outer angle on turbine output power 

 

Fig.7.3 The influence of blades outer angle on water head reduction 
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Fig.7.4 The influence of blades outer angle on turbine efficiency 

7.1.3 Torque output of each runner stage 

The influence of blades outer angle on torque output of each blade is shown in 

Fig.7.5. It can be observed that at runner first stage, the output torque of each blade 

increases gradually with the increase of runner inlet arc angle due to the function of 

conversion block, while the blade torque at second runner stage increases first then 

decreases. When blades outer angle is 30°, the blade output torque at first runner stage 

is improved comparing to other models, which means the flow inlet angle matches 

well with the blades outer angle. For the other three models, the performance of the 

first runner stage is similar.  

To study the influence of blades outer angle on the performance of each runner 

stage, the percentage of total torque output at each runner stage is recorded and shown 

in Fig.7.6. It can be observed that for all the four studied cases, each runner stage can 

generate nearly 50% of the total output torque, but slight difference exists between 

different models due to the different blades outer angles. It can be seen that the highest 
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torque output of the first runner stage occurs when blades outer angle equals to 30°, 

this is mainly because that a good matching between the flow inlet angle and the blades 

outer angle is achieved in this case, leading to less hydraulic loss and better 

performance at the first runner stage. 

 

Fig.7.5 The influence of blades outer angle on torque output of each blade 

 

Fig.7.6 The influence of blades outer angle on torque output of each runner stage 
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7.2 Study on effects of runner diameter ratio  

The ratio between runner inner and outer diameter (D2/D1) can have an influence 

on the blades radius and further affect the curvature and length of each blade [20]. For 

different runner diameter ratios, the blades passage and length are different, resulting 

in different hydraulic loss and friction loss. Besides, the variation of runner diameter 

ratio also has an influence on the torque capture from water flow due to the different 

blades length. Based on the literature review, the suggested value of runner diameter 

ratio is 0.68 in the previous researches. However, as there has no relevant research 

about inline cross-flow turbine, it is necessary to determine the optimal D2/D1 for this 

special application. To investigate the effects of runner diameter ratio on the 

performance of inline cross-flow turbine, three models with D2/D1 equals to 0.64, 0.68 

and 0.72, respectively, are established and simulated. In the simulation process, the 

block parameters are selected as the optimal values which suggested in the former parts 

and the main geometrical parameters of the runner are indicated in Table 7.2.  

Table 7.2 The main runner geometrical parameters with different D2/D1  

Runner diameter 

ratio D2/D1 

Blades outer 

angle β1 

Blades inner 

angle β2 

Blades 

radius Rb 

Blades 

number Nb 

0.64 30° 90° 16.7mm 20 

0.68 30° 90° 15.5mm 20 

0.72 30° 90° 13.6mm 20 

7.2.1 Turbine performance 
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Fig.7.7 The influence of runner diameter ratio on turbine output power 

 

Fig.7.8 The influence of runner diameter ratio on water head reduction 

All the simulations were conducted under the flow velocity of 1.5m/s at different 

TSRs. Fig.7.7-7.9 indicate the influence of runner diameter ratio on the turbine output 

power, water head reduction and efficiency, respectively. It can be seen in Fig.7.7 that 

when D2/D1 increases from 0.68 to 0.72, the turbine output power reduces significantly, 

besides, the water head reduction through the turbine also experiences a slight 
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reduction. The main reason for the variation of turbine output power and water head 

reduction is that when D2/D1 increases from 0.68 to 0.72, the blade length becomes 

short. Therefore, the blades have less opportunities to capture the torque from water 

flow and less water head is converted into runner kinetic energy. The turbine efficiency 

decreases when D2/D1 becomes 0.72, specially, the maximum turbine efficiency 

declines from 49.6% to 47.2% when D2/D1 increases from 0.68 to 0.72. It is worth 

noting that both the output power and water head reduction experience obvious 

increase when the runner diameter ratio decreases from 0.68 to 0.64. The increase of 

output power may result from the blade length increase and curvature reduction while 

the higher water head reduction is because more water head is converted into flow 

kinetic energy. The maximum turbine efficiencies when D2/D1 equal to 0.68 and 0.64 

are 49.6% and 49.8%, respectively. When the TSR is lower than 0.8, the efficiency of 

turbine with D2/D1=0.68 is higher than that of turbine with D2/D1=0.64. Taking the 

water head reduction and turbine efficiency into account together, the suggested value 

of runner diameter ratio in this research is 0.68. 

 

Fig.7.9 The influence of runner diameter ratio on turbine efficiency 
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7.2.2 Torque output of each runner stage 

Fig.7.10 and Fig.7.11 indicate the influence of runner diameter ratio on torque output 

of each blade. When D2/D1=0.64, the torque output at the first stage is the highest, 

while the lowest torque output at the first stage occurs when D2/D1=0.72. The main 

reason for this phenomenon is the bigger blade length and smaller blade curvature 

when D2/D1=0.64. On the contrary, when D2/D1=0.72, the torque output of first runner 

stage is the smallest due to the smaller blade length and bigger blade curvature. As can 

be seen in Fig.7.10 that when D2/D1=0.64, the torque output of the second stage is also 

the highest. Fig.7.11 indicates that influence of runner diameter ratio on torque output 

of each runner stage. The torque percentage of each runner stage is similar when D2/D1 

equals to 0.64 and 0.68, and the first runner stage generates more torque than the 

second runner stage in these two models. As the torque output of first runner stage is 

small when D2/D1=0.72, torque percentage of the second runner stage is much higher 

than that of the first runner stage in this model. 

 

Fig.7.10 The influence of runner diameter ratio on torque output of each blade 
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Fig.7.11 The influence of runner diameter ratio on torque output of each runner stage 

7.3 Study on effects of blades number  

7.3.1 Turbine performance 

Blades number (Nb) is another parameter that may influence the turbine 

performance by affecting the flow separations in blades passages and power extraction 

of each runner stage. In this study, three turbine models with blades number of 20, 24 

and 28 were built and simulated. As shown in Fig.7.12-7.14 are the influences of 

blades numbers on turbine output power, water head reduction and efficiency, 

respectively. It can be seen that when the blades number increases from 20 to 24, the 

turbine output power rises significantly and the maximum output power reaches 

2285W. However, if blades number continues to increase, the variation of output 

power is very slight. In terms of water head reduction, the difference between the 

investigated three models is very slight. Water head reductions of all the three models 

increase with the increment of TSR, but the model with more blades consumes more 

water head, this is mainly because that a runner with more blades has more 
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opportunities to convert the water head into its kinetic energy.  

 

Fig.7.12 The influence of blades number on turbine output power 

 

Fig.7.13 The influence of blades number on turbine water head reduction 

Based on Fig.7.14, the three models have similar efficiency when TSR is smaller 

than 0.7, however, turbine efficiency is much lower than the other two models when 

blades number equals to 20 at higher TSRs. For all the three models, the turbine 

efficiency increases with the increment of TSR until reaching the maximum efficiency, 
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after that, the turbine efficiency decreases. The best efficiency TSRs for the models 

are 0.8. The recorded maximum efficiency is 50.9% when Nb =24. In conclusion, the 

optimal blades number for the inline cross-flow turbine is 24. However, it is suggested 

to determine the blades number according to the mechanical processing level.  

 

Fig.7.14 The influence of blades number on turbine efficiency 

7.3.2 Torque output of each runner stage 

The torque output of each runner stage is shown in Fig.7.15. It can be observed 

that with the increase of blades number, torque output from the second runner stage 

experiences an obvious increase. This is mainly because that when the blades number 

increases, the opportunity of extracting power at the second stage is improved as the 

blades inlet angles varies significantly at the second stage [20]. However, a large 

blades number causes shrink of blades passages, resulting in turbine efficiency 

reduction. Besides, the friction loss will also increase with the growth of blades 

number. 
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Fig.7.15 The influence of blades number on torque output of each runner stage 

7.4 Summary 

In this chapter, the influence of runner and blades geometrical parameters, 

including blades outer angle, runner diameter ratio and blades number, on the 

performance of inline cross-flow turbine was studied by numerical methods. This part 

of research not only provides an in-depth understanding about influencing mechanism 

of runner and blades geometry on turbine performance, but also suggests the optimal 

geometrical parameters of the runner and blades. Based on the present study, the 

following conclusions can be obtained: 

(1) A good matching between flow inlet angle and outer blade angle can 

significantly improve the turbine performance. Specially, the maximum turbine 

efficiency increased significantly from 45.9% to 49.6% when adjusting the outer blade 

angle from 26° to 30°. Besides, a suitable outer blade angle could enhance the torque 

output of runner first stage. To achieve a balance between turbine efficiency and water 

head reduction, the outer blade angle of the inline cross-flow turbine was suggested as 
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30°. 

(2) Numerical study indicated that a smaller runner diameter ratio may lead to 

higher output power, but the water head reduction was also higher. The runner 

diameter ratio affected the turbine performance mainly by influencing the performance 

of the first runner stage. Based on the results, the suggested runner diameter ratio was 

0.68.  

(3) Investigation of the blades number indicated that when the blades number 

increased from 20 to 24, the turbine output power rose significantly and the maximum 

output power reached 2285W. However, if blades number continued to increase, the 

variation of output power was very slight. The variation of water head reduction with 

blades number increase was very slight. The optimal blades number was suggested 24 

and the recorded maximum efficiency was 50.9% when the TSR was 0.8. 



 

144 

CHAPTER 8 DEVELOPMENT OF A MAGNETIC 

DRIVEN BIDIRECTIONAL INLINE CROSS-FLOW 

TURBINE: A CASE STUDY 

In the previous parts of the thesis, a block design method for the inline cross-flow 

turbine has been proposed. With the proposed theoretical method, the block shape can 

be designed based on the expected working conditions. In addition, the optimal values 

of runner main geometrical parameters, including blades outer angle, runner diameter 

ratio and blades number, are determined using CFD simulation. The proposed method 

and the suggested optimal geometrical parameters can provide guidance for the inline 

cross-flow turbine design. In this chapter, a micro inline cross-flow turbine that can 

operate under bidirectional flow is designed for DN150 water pipes. In addition, 

magnetic coupling is adopted in the turbine for sealing and torque transmission. Finally, 

a turbine prototype is manufactured and tested to investigate its performance. 

8.1 Design process  

The water flow inside urban water pipes is very complex and bidirectional flow 

may occur in water pipes. For example, as shown in Fig.1.2, there are two service 

reservoirs that can supply water to the indicated region. When switching the service 

reservoir from one to another one, the water flow inside pipes that between the two 

service reservoirs will change. Besides, bidirectional flow may occur under the 

operations of cutline valves by regional staff or under pipe bursting and drain off for 

maintenance. Therefore, the inline hydro turbine should be capable to generate 

electricity with bidirectional water flow.  
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The design requirements are as following: 

1. The design flow velocity is 1.5m/s. 

2. The maximum water head reduction cannot exceed 5m at the design flow 

velocity. 

3. The turbine should be used in DN150 water pipes. 

4. The application of the turbine cannot cause water pollution.  

8.1.1 Design of the blocks  

Fig.8.1 shows the cross-sectional view of the turbine and indicate the working 

principle of the proposed bidirectional turbine. To apply in bidirectional flow, the 

shape of blocks integrated to pipe inner wall is specially designed. Each block consists 

of a plane surface and a curved surface. The function of the plane surface is to direct 

the water flow while the curved surface can force the water to flow towards the runner 

gradually. With the developed blocks, the inline turbine could operate under 

bidirectional water flow without changing the runner rotation direction. 

 

Fig.8.1 Block shape of the bidirectional cross-flow turbine 

The shape of the blocks is different from the optimal shape which is obtained by 

numerical methods in Chapters 5 and 6. To make the inline cross-flow to operate under 
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bidirectional flow, the orientation angle of guide block is 0°. The inlet of the 

conversion block (the curved surface in this case study) is tangential to the pipe inner 

wall as the space inside DN150 pipe is very limited. Therefore, the orientation entry 

angle of the conversion block is 90°. The detailed shape of the block is designed using 

the theoretical design method proposed in Chapter 4.  

8.1.2 Geometries of the runner  

Table 8.1 The main geometrical parameters of runner and blade 

Geometrical Parameters Symbol Values 

Blade outer angle β1 30° 

Blade inner angle β2 90° 

Outer diameter D1 98mm 

Inner diameter D2 66mm 

Runner diameter ratio D2/D1 0.68 

Runner length L 215mm 

Blades radius Rb 15.5mm 

Blades number Nb 12 

As shown in Fig.8.2 is the physical model of the runner and blade. The runner 

length L is determined based on the pipe diameter. Besides, the runner inner diameter 

D2, runner diameter ratio D2/D1, the blade outer angles β1 and inner angle β2 are 

determined based on numerical results presented in Chapter 7. Due to the difficulty in 
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manufacturing, the blades number is selected as 12 in this case study. The blades are 

fixed to two discs to enhance runner strength. The detailed geometrical parameters of 

runner and blade are shown in Table 8.1. 

 

Fig.8.2 Physical model of the runner and blade 

8.1.3 Application of magnetic coupling  

According to working principle of hydro turbines, the runner harvests torque from 

water flow then transmit it to the generator. However, mechanical loss in mechanical 

transmission parts, such as mechanical sealing, shaft and bearings, causes significant 

efficiency loss in transmission process. In traditional micro turbines, mechanical seals 

are often used in the space between turbine body and shaft to avoid leakage. However, 

the mechanical seals achieve sealing by tight fit of two different seal parts, the friction 

caused by sliding of two surfaces against each another may result in a significant 

mechanical loss, furthermore, the mechanical seals would eventually wear out and fail. 

To avoid this problem, magnetic coupling is used in this case study to reduce 

mechanical loss of the turbine. 

A magnetic coupling is a coupling that transfers torque from one shaft, but using 

a magnetic field rather than a physical mechanical connection. Fig.8.3 shows the 

structure and working principle of a magnetic coupling, which consists of external 
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coupling half, internal coupling half and a containment shroud. The external coupling 

half and internal coupling half are made of permanent magnet and they are separated 

by the containment shroud, which means that they do not connect to each other. As the 

magnetic coupling transfers torque by magnetic force, there is no friction between the 

external coupling half and internal coupling half. 

Magnetic shaft couplings are often used for liquid pumps and propeller systems, 

since a static, physical barrier can be placed between the two shafts to separate the 

fluid from the motor operating in air. However, the application of magnetic coupling 

in hydraulic turbines is still seldom, in this project, a specially designed magnetic 

coupling (Fig.8.4) was designed and manufactured. The internal coupling half is 

covered by 316L stainless steel shell while the containment shroud is made of 316L 

stainless steel to avoid bad effects on the water quality. As the external coupling half 

does not contact with water, it is made of carbon steel to reduce costs. 

 

Fig.8.3 Structure and working principle of magnetic coupling [87] 
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Fig.8.4 The prototype of magnetic coupling: (a) Internal coupling half; (b) 

Containment shroud (c) External coupling half 

8.1.4 Mechanical structure of the turbine  

 

Fig.8.5 The structure of bidirectional inline cross-flow turbine 

In order to install the magnetic coupling to the micro Francis turbine, a magnetic 

coupling assembly was designed. Fig.8.5 shows the mechanical structure of the 

magnetic coupling assembly. The runner connects to the magnetic coupling internal 

half through a shaft, after that, the external half of magnetic coupling transmits torque 

to the generator through a shaft and a mechanical coupling. In this assembly, all parts 
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that contact with water are made of 316L stainless steel to avoid water quality 

deterioration. 

8.2 Prototype and experimental setup  

Fig.8.6 indicates the prototype of the bidirectional inline cross-flow turbine. The 

runner is made of 12 blades, which are welded to two discs. in addition, a runner holder 

is located on the bottom of the turbine body to hold the terminal of the runner to reduce 

runner deformation. 

  

Fig.8.6 Prototype of the bidirectional turbine 

 

Fig.8.7 Hydraulic test rig for the bidirectional turbine 
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The prototype is tested in the hydraulic test rig built by the Renewable Energy 

Research Group of the Hong Kong Polytechnic University. Fig.8.7 shows the 

hydraulic test rig which is composed of two centrifugal pumps, a water tank, flow 

meter, pressure sensors, ball valves and the monitoring computer. The centrifugal 

pumps are controlled by a frequency converter controller. By adjusting the frequency 

converter controller and the opening degree of the ball valve, the flow velocity can be 

adjusted from 1.0 to 3.0m/s and the maximum water head can reach 40m water. The 

pressure sensors and electromagnetic flow meter are used to detect water head and 

flow velocity, respectively. To study the turbine performance at different rotation 

speed, a set of dynamic torque meter system (as shown in Fig.8.8) is used to measure 

the torque and power output. The dynamic torque meter system is composed of a 

dynamic torque meter, an electronic brake and a brake controller. By adjusting the 

brake controller, current on the electronic brake varies and the brake force will also 

change. Therefore, the torque and rotation speed of the shaft changes and the turbine 

performance under different rotation speed can be measured by the dynamic torque 

meter.  

 

Fig.8.8 Dynamic torque meter system for the bidirectional turbine 
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8.3 Results and discussion  

8.3.1 Turbine performance at different rotation speed  

By using the dynamic torque meter system, turbine performance under different 

rotation speeds and work load can be obtained, which is helpful for the generator 

selection. As the design flow velocity in this study is 1.5m/s, in the experimental 

process, the flow velocity was kept around 1.5m/s. 

The turbine performance curves are shown in Fig.8.9 and Fig.8.10. It can be 

observed from Fig.8.9 that with the increase of runner rotation speed, the turbine 

output power increases until reaching the maximum valve, then decreases significantly, 

while the water head reduction increases gradually. As shown in Fig.8.10, the turbine 

efficiency encounters a same trend with the output power. The maximum output power 

and efficiency are 190W and 17.4%, respectively. And both the maximum output 

power and efficiency are recorded when runner rotation speed is 600rpm. Although 

the water head reduction is more than 5m at higher rotation speed (more than 800rpm), 

at the best efficiency rotation speed, the water head reduction is about 4.7m, which can 

meet the design requirement about water head reduction. 

 

Fig.8.9 Turbine power and water head reduction under different rotation speed 
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Fig.8.10 Turbine efficiency under different rotation speed 

Compared to the simulated results shown in Chapters 5-7, the turbine 

performance in this case study is not as good as the numerical results. There are four 

main reasons for the difference. Firstly, in the numerical studies shown in previous 

parts, the turbine models are all developed for DN250 pipes while in this case study, 

the bidirectional turbine is designed for DN150 pipes. The runner length and friction 

losses DN150 inline turbine is very different from that in DN250 inline turbine. 

Secondly, to make the turbine able to operate under bidirectional flow, the block shape 

is much different from the numerical models. In the case study, the block is designed 

tangential to the pipe inner wall and the orientation angle of guide block is 0°. Thirdly, 

according to the simulation results, the optimal blades number is 24. However, due to 

the limited processing space in the runner, it is very different to manufacture 24 blades 

for the prototype and the blades number is selected as 12 in this case study. Finally, 

the physical models in numerical simulations are simplified. However, in the real 

product, water leakage exists in the space between runner terminal and pipe inner wall 

and friction losses occur when water flows through the blocks and blades. But the 

overall turbine performance is acceptable for this case study.  
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8.3.2 Effects of the distance between block and runner on turbine 

performance  

As mentioned above, the experimental results of the turbine performance under 

different rotation speeds can provide guidance for generator selection. In the following 

research, a 24V three-phase permanent magnet alternating generator with low starting 

torque is selected to study the real turbine capacity. The rated power and rotation speed 

of the generator is 200W and 500 rpm, respectively. To study the effects of distance 

between block and runner (represented by S) on turbine performance, the blocks are 

manufactured adjustable, so the distance between block and runner can be changed. In 

this research, a series of lab tests were performed under the S values of 10mm, 25mm 

and 40mm. Besides, the controller mentioned in Chapter 3 is used for power 

management and data collection and the monitored water head, flow velocity, turbine 

rotation speed, charging voltage and current can be recorded in the computer.  

 

Fig.8.11 Output power of the bidirectional turbine  
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Fig.8.12 Water head reduction of the bidirectional turbine 

 

Fig.8.13 Efficiency of the bidirectional turbine 

After a series of lab tests, the performance of the proposed bidirectional inline 

turbine under different distances between block and runner is obtained and the 

performance curves are shown in Fig.8.11-8.13. It can be observed that the distance 

between block and runner has significant effects on the output power and water head 

reduction. for a smaller S can not only lead to a higher output power, but also result in 
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a higher water head reduction. This is because that when S is smaller, the blocks can 

function well and more water head is converted into flow kinetic energy, thus both the 

output power and water head reduction is higher. Besides, when the distance between 

block and runner becomes bigger, more water leaks without flowing through the 

runner, resulting in a lower output power and water head reduction.  

When S equals to 10mm, the output power and water head reduction increase 

quicker with the increment of flow velocity than other two cases. This is also because 

of the function of blocks. For the case with S=10mm, at 1.5m/s, which is the design 

flow velocity in this project, the output power is 67W while the water head reduction 

is 4m water. When the flow velocity increases to 2m/s, the output power reaches 190W 

with 7m water head reduced. When S equals to 25mm and 40mm, the water head 

reduction can keep under 5m in the flow velocity range from 1.1-2.0m, and the 

maximum output power are 103W and 80W, respectively. It is suggested to select the 

optimal value of S according to the real working conditions, including the power 

demand, water head reduction limitation, flow velocity, etc.  

It can also be observed from Fig.8.13 that compared the experimental results 

shown in Section 8.3.1, the turbine efficiency with a generator is much lower than the 

turbine efficiency measured by dynamic torque meter. For example, the maximum 

turbine efficiency with a generator is only about 8% when S equals to 10mm, nearly 

1/2 lower than the turbine efficiency measured in Section 8.3.1. There are two main 

reasons for this phenomenon. On the one hand, the conversion loss exists in generator 

when the mechanical energy is converted into electricity. Based on the data of 

generator supplier, the maximum generator efficiency is only 80%. On the other hand, 

the generator is not suitable for the turbine. Although the generator is selected based 
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on the rated rotation speed and power, but it is likely that the generator cannot operate 

under the best working conditions. Therefore, it is suggested to select more generators 

and perform more lab tests to select the optimal generator for the project.   

8.4 Summary 

In this chapter, a magnetic driven bidirectional inline turbine was developed as 

bidirectional flow may occur in the water supply pipes. In the proposed turbine, the 

block shape was specially designed to satisfy the working condition of bidirectional 

flow. Besides, a magnetic coupling which transmitted torque using magnetic field was 

adopted to avoid leakage and reduce mechanical loss. After that, lab tests were 

conducted to investigate the performance of the developed bidirectional turbine. As 

referred from the present study, the following conclusions can be obtained: 

(1) The proposed block design method can be helpful for inline cross-flow turbine 

design based on the working conditions. In this chapter, the inline cross-flow turbine 

could operate under bidirectional flow by improving the block shape. Specially, each 

block consisted of a plane surface and a curved surface, so the block could function as 

guide block as well as conversion block. With the developed blocks, the inline turbine 

could operate under bidirectional water flow without changing the runner rotation 

direction. 

(2) It is feasible to adopt magnetic coupling in micro cross-flow turbine for 

sealing and transmission. By using the magnetic coupling to replace the mechanical 

seal, the risk of sealing failure can be significantly reduced and the water supply 

security can be ensured.   

(3) The turbine performance under different rotation speed was first tested using 
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dynamic torque meter system. The maximum output power and efficiency were 

recorded 190W and 17.4%, respectively, when runner rotation speed was 600rpm. at 

the best efficiency rotation speed, the water head reduction was about 4.7m, which 

could meet the design requirement about water head reduction. 

(4) A 24V three-phase permanent magnet alternating generator with low starting 

torque was selected to study the real turbine capacity, and the effects of distance 

between block and runner on turbine performance was studied. For the case with 

S=10mm, at 1.5m/s, which is the design flow velocity in this project, the output power 

was 67W while the water head reduction was 4m water. When the flow velocity 

increased to 2m/s, the output power reached 190W with 7m water head reduced. When 

S equaled to 25mm and 40mm, the water head reduction could keep under 5m in the 

flow velocity range from 1.1-2.0m, and the maximum output power were 103W and 

80W, respectively. 
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CHAPTER 9 CONCLUSIONS AND 

RECOMMENDATIONS FOR FUTURE WORK 

This research investigated a micro hydropower technology that can be used in 

urban water mains to supply power for water monitoring devices. Firstly, an inline 

cross-flow turbine was newly developed by numerical and experimental methods to 

study the feasibility of micro hydropower harvesting from water pipes. Then a 

mathematic block design method was proposed and theoretical analysis on the working 

principle of cross-flow runner was conducted to obtain guidance for performance 

improvement of the developed turbine. After that, effects of geometrical parameters of 

block and runner on the turbine performance were investigated using CFD simulation 

and the optimal geometrical parameters were determined based on the numerical 

results. Finally, a case study about the development of a magnetic driven bidirectional 

inline cross-flow turbine was performed and the turbine performance was studied by 

lab tests. 

In this chapter, the key findings from this research are summarized and the main 

academic contribution are presented. Lastly, the limitations are discussed and the 

recommendations for future work are presented. 

9.1 Experimental study on the preliminary turbine prototype 

In this study, a novel inline cross-flow turbine for hydropower generation in urban 

water mains was newly designed and manufactured. The numerical and experimental 

results indicated that by integrating two blocks to the pipe inner wall, the turbine 

performance could be enhanced because the blocks functioned as the nozzle and 
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diffuser of a conventional cross-flow turbine to enhance the flow velocity and pressure 

difference through the runner. Besides, the research also revealed that the self-

adjustable vane could achieve ideal performance in avoiding excess water head loss 

with little influence on the output power. 

The prototype test results showed that the turbine output power at the design point 

was 69.1W with 2.62m water head reduced. Besides, over a flow velocity range 

varying from 1.2m/s to 2.2m/s, the water head loss was always below 5m, so the 

normal water supply would not be affected. After a month-long test at the flow velocity 

of 1.3m/s, the prototype was proved very reliable with steady performance and its daily 

electricity generation was about 600Wh, which was sufficient for powering any 

general water leakage monitoring system in an urban environment. 

9.2 Theoretical analysis on the inline cross-flow turbine 

A mathematic design method for the block design was developed based on fluid 

continuity and energy conservation. Besides, the working mechanism of cross-flow 

runner was analyzed and the expression of theoretical turbine performance was 

obtained using Bernoulli's equation. Based on the proposed block design method and 

theoretical analysis on the runner, the guide block orientation angle, runner inlet arc 

angle, blades outer angle and runner diameter ratio are the key parameters that affect 

turbine performance. The analysis results could provide guidance for inline cross-flow 

turbine design and performance improvement.  

The analysis also revealed that the blocks could determine the flow velocity and 

inlet angle at the runner inlet, and the flow velocity and inlet angle could influence the 

blades shapes and turbine efficiency. Therefore, the runner design should match with 

the block design to achieve the best turbine performance. 
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9.3 Effects of block geometries on the turbine performance 

Numerical study on the effects of guide block orientation angle on turbine 

performance showed that the blocks could convert part of the water head into kinetic 

energy, leading to a high flow velocity through the runner. Besides, the pressure 

distribution inside the inline turbine was considerably improved by adjusting the 

orientation angle of guide block. The high-pressure regions on the suction side of the 

first several blades at the first stage could be reduced, and the torque output of the first 

stage nearly doubled after block improvement. As indicated in the numerical research, 

the inline turbine could reach its maximum efficiency of 42.4% with about 1500 W 

power output by adjusting the block design and the suggested orientation angle of 

guide block is 30°. 

Investigations of the impact of runner inlet arc angle on the turbine performance 

indicated that a smaller runner inlet arc angle could increase the flow velocity at runner 

inlet and pressure difference between the upstream and downstream of the runner, 

resulting in a higher output power but also a higher overall water head reduction 

through the turbine. Besides, the runner inlet arc angle had a significant influence on 

the power output of runner second stage. To achieve a good balance between turbine 

efficiency and water head reduction, the suggested runner inlet arc angle is 105° and 

the corresponding maximum turbine efficiency is 42.6% with about 1565W power 

output. 

9.4 Effects of runner geometries on the turbine performance 

Numerical study on the impact of blades outer angle on the turbine performance 

showed that a good matching between flow inlet angle and blades outer angle could 
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significantly improve the turbine performance. Based on the results, the optimal blade 

outer angle in this research was suggested as 30°. By improving the blades outer angle, 

the maximum turbine efficiency increased significantly from 42.6% to 49.6%. 

Investigation was performed to study the effects of runner diameter ratio on the 

turbine performance. The results indicated that runner diameter ratio had an obvious 

impact on the torque output of runner first stage. A smaller runner diameter ratio would 

lead to higher output power, but the water head reduction was also higher. Based on 

the results, the suggested runner diameter ratio was 0.68. 

Numerical study on the blades number indicated that when the blades number 

increased from 20 to 24, the turbine output power rose significantly and the maximum 

output power reached 2285W. However, if blades number continued to increase, the 

variation of output power was very slight. The variation of water head reduction with 

blades number increase was very slight. The optimal blades number was suggested 24 

and the recorded maximum efficiency was 50.9%. 

9.5 Case study about the development of bidirectional inline cross-

flow turbine 

Based on the block design method and the optimal geometrical parameters 

suggested in the research, a magnetic driven bidirectional inline turbine was developed. 

Firstly, a block profile which consisted of a plane surface and a curved surface was 

designed to ensure the inline turbine could operate under bidirectional water flow 

without changing the runner rotation direction. Besides, a magnetic coupling was used 

to replace the mechanical seal for sealing and transmission, which significantly 

reduced the risk of sealing failure and ensures water supply security. 
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The turbine performance under different rotation speeds was tested using 

dynamic torque meter system. When runner rotation speed was 600rpm, the 

bidirectional turbine reached its best efficiency 17.4% with 190W output power and 

4.7m water head reduction, which could meet the design requirements in this case 

study. The case study indicated that the research presented in this thesis could provide 

an effective method for the design of inline cross-flow turbine design under different 

working conditions. 

9.6 Limitations and recommendations for future work 

This thesis tried to develop a micro hydropower technology that can harvest 

hydropower from water supply pipes and supply power to water monitoring system. 

However, due to the limitation of time and availability of data, there are still aspects 

not covered. Therefore, further detailed investigations need to be done in future works. 

Firstly, the proposed mathematic design method for the block is simplified, and 

it is developed based on several assumptions. In future studies, a more complex block 

design method which considers more parameters will be developed. With the newly 

developed method, the block shape will be more reasonable and the turbine 

performance will be significantly improved. In further research, a database can be 

established and a software package could be built, in this way, the block shapes can be 

generated automatically after inputting parameters including pipe diameter, power 

demand, flow velocity and water head reduction, etc.  

Secondly, in this research, the design flow velocity is set as uniform. However, 

in the water supply pipes, water flow velocity fluctuates over time the variation of user 

demand. The variation of flow velocity will result in unstable output power and voltage, 

which possesses a challenge for the controller. In the future studies, it is expected to 
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solve this problem by adding adjustable device in the turbine or improving the control 

strategy of the controller. 

Thirdly, based on the research presented in Chapter 8, the current used generator 

is not suitable for the current project. In the future works, the generator will be replaced 

by more efficient one to fully convert the harvested hydropower into electricity. 

Finally, in current design, the torque generated by the runner must be transferred 

through the shaft, magnetic coupling, bearings to the generator, resulting in 

unavoidable mechanical loss and relatively huge size of the turbine. Based on the 

successful application of magnetic coupling, it is possible to develop a generator 

integrated turbine. In this turbine, the internal half of the magnetic coupling can 

operate as the rotor of generator, and the stator is fixed to the turbine body directly. 

Between the rotor and stator, a stainless shroud is used for sealing. As the shroud is 

made of stainless steel, its effects on magnetic field is slight. The generator integrated 

turbine will be more compact than the former turbine, thus less space is needed for 

installation. Besides, due to the reduction of transmission components, the reliability 

can be improved. 
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