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Abstract 6 

The inline cross-flow turbine is a promising and reliable device to harvest hydropower 7 

in an urban water supply pipeline for power supply to its water supply monitoring 8 

system. However, investigations about the influencing factors on the performance of 9 

inline cross-flow turbines are still rare and this paper focuses on the effect of their 10 

runner inlet arc angle for improving the device’s performance. Firstly, a mathematical 11 

design method for the turbine’s blocks is developed. With the proposed method, four 12 

models with different runner inlet arc angles are developed. The turbine’s performance, 13 

function of conversion block, flow velocity characteristics, pressure distribution and 14 

blades torque output of the models are then analyzed. Results indicate that a smaller 15 

runner inlet arc can increase the flow velocity at runner inlet and pressure difference 16 

between the upstream and downstream of the runner, resulting in a higher output power 17 

but also a higher overall water head reduction through the turbine. Besides, it is found 18 

that the runner inlet arc angle has a significant influence on the power output of runner 19 

second stage. With the increase of runner inlet arc angle, the torque output at the second 20 

stage encounters a gradual decrease. To achieve a good balance between turbine 21 

efficiency and water head reduction, the suggested runner inlet arc angle is 105°. 22 

Numerical results showed that the model with 105°  runner inlet arc angle could 23 

produce a maximum power generation efficiency of 42.6% with about 1.6kW power 24 

output. 25 
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1. Introduction 28 

In modern water supply industry, the water monitoring system plays an important role 29 

in timely detection and early warning of water leakage, so that water waste in supply 30 

process could be reduced [1]. Normally, the water monitoring system achieves its 31 

function based on a lot of monitoring devices and sensors, such as flow meters and 32 

pressure sensors, which are normally powered by traditional chemical batteries that 33 

usually have limited lifespan. Once the batteries ran out, the monitoring system would 34 

stop functioning, resulting in serious impact on normal water supply and water security 35 

[2]. Instead of chemical batteries, it has been an important research topic to search for 36 

constant and stable power sources for water monitoring system. 37 

Renewable energies including wind energy and solar energy are likely to be good 38 

alternative power resources for water monitoring system [3,4]. However, these energy 39 

sources are uncontrollable and not stable enough. Besides, the harvesting devices are 40 

usually bulky and need huge space to install [5]. Considering the fact that most water 41 

mains are laid underground, these power sources are not optimal for water monitoring 42 

system. Usually, water head in the water mains is high to ensure normal water supply 43 

throughout the whole urban area. For instance, in Hong Kong, water head inside urban 44 

water mains can research 80m to deliver water through the long water pipes and hilly 45 

topography constantly. In addition, water flow inside water mains is continuously 46 

available. Therefore, it is likely to be a promising way to harvest hydropower from 47 

water mains for power supply to water monitoring system. 48 

Some investigations have been done to study the energy potential of hydropower in the 49 

infrastructures of urban water industry. McNabola et al. [6] performed a literature 50 

review about micro hydropower installations in water industry, the results indicate that 51 

there exists significant potential for hydropower harvesting in water infrastructures. 52 

Gallagher et al. [7] proposed a method for site selection and technical assessment of 53 

micro hydropower generation in water and wastewater infrastructure. Araya et al. [8] 54 
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developed a design method for desalinated water distribution networks which includes 55 

energy recovery devices for hydropower generation. These researches not only 56 

demonstrate the feasibility of micro hydropower generation from urban mains, but also 57 

provide guidance for the application of micro hydropower in water industry. 58 

One of the main challenges for micro hydropower generation in water mains is the 59 

selection or design of proper turbines. Generally, micro hydro turbines can be divided 60 

into reaction turbines and impulse turbines based on their working principle [9]. The 61 

reaction turbines include Francis turbine, propeller turbine and pump as turbine(PAT) 62 

while the impulse turbines consist of Pelton, Turgo and cross-flow turbines. Among 63 

them, several kinds of turbines have been used for hydropower generation in water 64 

supply. A Francis turbine was developed by Tanaka Hydropower Co., LTD in Japan [10] 65 

for hydropower generation in water supply pipes. Its maximum installation capacity is 66 

200kW, but its structure is very complex and a huge space is needed for its installation. 67 

Lydon et al. [11] conducted three case studies to assess the energy potential in water 68 

distribution system using PATs. The results indicate that PAT can convert 40% of the 69 

total energy potential of a pressure reducing valve into electricity. Moreover, the PAT 70 

also has a good performance in pressure management of the water distribution system. 71 

Furthermore, Carravetta et al. [12] developed a PAT installation strategy to keep the 72 

backpressure of the PAT stable, hence the PATs can be used to replace pressure reducing 73 

valves for hydropower generation as well as water pressure management. However, the 74 

literature review about hydropower generation in water pipes using PATs also indicates 75 

that water head loss through the PAT is too high at higher flow velocities, so the PAT is 76 

not an ideal device for the present research. In addition, several bulb propeller turbines 77 

which can be installed inside water pipe were developed [13] [14], but the generator 78 

and other electrical components are all submerged in the drinking water, any failure of 79 

waterproof may result in severe water pollution.   80 

Compared to other turbines, the cross-flow turbine has a stable efficiency over a wide 81 

range of operating flow velocities [15], as the flow velocity inside water mains is 82 
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fluctuant due to the variation of user demand over time, the cross-flow turbine seems 83 

to be an appreciate device for hydropower generation in urban water mains. In addition, 84 

the cross-flow turbine is easy to manufacture and maintain due to its simple structure. 85 

There are two main drawbacks for the cross-flow turbine. Firstly, the maximum 86 

efficiency of cross-flow turbines is a bit lower than that of other commonly used 87 

turbines [15]. Besides, the rotation speed of cross-flow turbines is slow [16]. However, 88 

as the power demand and rated voltage of water monitoring meters and sensors are 89 

relatively low, the drawbacks of the cross-flow turbines can be neglected.  90 

In our former research, the feasibility of using an inline cross-flow turbine in water 91 

supply pipes to harvest hydropower has been studied by numerical and experimental 92 

methods [17] [18]. By integrating blocks to the pipe inner wall to function as the nozzle 93 

of conventional cross-flow turbines, the inline cross-flow turbine could reach a good 94 

performance. In traditional cross-flow turbines, the nozzle shape plays an important 95 

role in turbine performance improvement [19] [20]. Similarly, different block shapes 96 

have significant impacts on flow velocity and pressure distribution, then further 97 

influence the turbine performance. In the proposed inline cross-flow turbine, the block 98 

shape is mainly determined by two geometrical parameters: orientation angle of block 99 

outlet and the angle of runner inlet arc. Numerical study on the effect of block outlet 100 

orientation angle will be presented in a subsequent paper. This paper aims to 101 

numerically investigate the influence on inline cross-flow turbine performance caused 102 

by runner inlet arc angle.  103 

In the domain of conventional turbine design and optimization, several studies have 104 

indicated that the runner inlet arc angle plays a significant role in affecting the turbine 105 

performance. Fukutomi et al. [21] studied the influence of nozzle shape upon the turbine 106 

performance by theoretical and experimental methods. The results showed that a bigger 107 

runner inlet arc angle can lead to a higher value of pressure distribution along the nozzle 108 

exit, however, the uniformity of flow attack angle along runner inlet is good for small 109 

runner inlet arc angle. The experimental study of Fiuzat and Akerkar [22] indicated that 110 
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a cross-flow turbine with 90° runner inlet arc angle has a better performance than that 111 

with 120° runner inlet arc angle because more cross-flow exists in the runner of 90° 112 

runner inlet arc angle, which leads to a higher efficiency. Besides, the 90°runner inlet 113 

arc angle can significantly improve the power output of the runner second stage. A 114 

numerical study conducted by Chen et al. [23] showed that the studied cross-flow 115 

turbine reaches its maximum efficiency when the runner inlet arc angle is 93°. Currently, 116 

the runner inlet arc angle of conventional cross-flow turbine is usually selected as 90° 117 

in most of the cases [19] [24] [25]. Many studies have demonstrated that when used in 118 

submerged situations, the turbine efficiency is relatively low due to the negative torque 119 

on the returning blades caused by water flow. Prasad et al. [26] developed a tidal current 120 

turbine by numerical method and the simulation results indicated that the maximum 121 

efficiency is recorded 55%. Elbatran et al. [27] designed a cross-flow turbine with dual 122 

directed nozzles for application in water channels, the highest efficiency was found 52% 123 

when the tip speed ratio (TSR) is 0.5.  124 

As the inline cross-flow turbine used in water supply mains also operates submerged, 125 

it is of vital importance to investigate the influencing factors on the performance of 126 

cross-flow turbines used submerged and this study mainly focuses on the effect of 127 

runner inlet arc angle. Besides, the special application of cross-flow turbine in water 128 

supply mains also possesses a higher requirement for water head loss through the 129 

turbine as turbine employment cannot have negative impact on normal water supply 130 

through the urban area. Therefore, it is necessary to investigate the effect of runner inlet 131 

arc angle on water head loss through the turbine. The paper is organized as follows: 132 

Section 2 describes the methodologies used in the study, including design method for 133 

blocks and runners, numerical method used for turbine performance prediction and flow 134 

characteristics analysis, experimental setup and data analysis method. Section 3 135 

presents the main results and analysis, effects of different runner inlet arc angles on the 136 

turbine performance and the influencing mechanism is investigated. The main findings 137 

are summarized in Conclusion section. 138 
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2. Methodology 139 

2.1 Geometrical design 140 

The main parameters for turbine geometrical design are water head and flow velocity 141 

in water supply mains. As this paper presents the findings of a research project with the 142 

Water Supplies Department (WSD) of Hong Kong, according to the data provided by 143 

the WSD, the water head and flow velocity at the design point are 80m and 1.5m/s, 144 

respectively. Besides, it is required that water head reduction through the turbine at the 145 

design point cannot exceed 5m water. 146 

2.1.1 Block design 147 

The blocks are key components in the proposed inline turbine as they can function as 148 

the nozzle in traditional cross-flow turbine. Figure 1 shows the main structure of the 149 

inline cross-flow turbine. Two blocks, guide block and conversion block, are integrated 150 

to the pipe inner wall. The guide block is used to direct water flow towards the runner 151 

while the conversion block can convert part of the water head into flow kinetic energy. 152 

Figure 1 also indicates the main geometrical parameters of the blocks and runner. 153 

Among them, the orientation angle of guide block 0  and runner inlet arc angle λ are 154 

two key parameters that determine the shape of conversion block. R  represents the 155 

distance from runner center axis to the inner wall of conversion block at different 156 

azimuthal angles. By determining several R   at different azimuthal angles, the 157 

geometrical shape of the conversion block can be obtained. 158 
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            (a) (b) 

Fig.1 Design scheme of the inline cross-flow turbine (a) Main structure of the 

turbine (b) Diagram of cross section at the conversion block inlet 

A mathematic design method is proposed for conversion block design, and the design 159 

method is developed based on the assumptions that the distribution of water flow rate 160 

at the runner inlet arc is uniform and all the reduced water head is converted into flow 161 

kinetic energy. The design process can be divided into two steps. The first step is to 162 

obtain the distance from runner center axis to the inlet of conversion block, 0R . Based 163 

on the first assumption, the flow rate at the inlet of conversion block is: 164 

 



−
=inQ Q  (1) 

where Q  is the total flow rate through the runner, m3/s; λ is runner inlet arc angle;   165 

is the orientation entry angle of the conversion block. 166 

The orientation entry angle of the conversion block can be calculated by: 167 

0
0

0

cos
csc( )


 = −

r

R
 (2) 

According to fluid continuity, the inlet area of the conversion block inA   can be 168 

calculated: 169 

= in
in

in

Q
A

V
 (3) 
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Based on the second assumption and energy equation, the velocity at the block inlet can 170 

be determined as: 171 

2 2

0

1
( )

2
 = −ing H V V  (4) 

where H  is the water head reduction through the turbine, m; 
0V  is the water flow 172 

velocity in the pipe, m/s. 173 

By combining Eq.1-4, the area of conversion block inlet inA  can be obtained. Besides 174 

that, inA  can also be calculated by definite integration. Figure 1(b) shows the cross 175 

section of the water pipe through the inlet of the conversion block and runner central 176 

axis. The shape of the cross section is an ellipse that can be described as: 177 

2 2

2 2
1+ =

x y

a b
 (5) 

0cos( )
2

pipea R


 = − −  (6) 

= pipeb R  (7) 

where a is the length of long axes of the ellipse, m; b is the length of short axes of the 178 

ellipse, m; 
pipeR  is the inner radius of the water pipe, m; 

0  is the orientation angle 179 

of guide block. 180 

The cross section between the block and runner is a part of the ellipse described by 181 

Eq.5-7 and its area '

inA  can be calculated as: 182 

0' 2= 
R

in
r

A ydx  (8) 

The definite integral can be solved by substitution method: 183 

'

2 1 2 1(sin 2 sin 2 ) ( )
2

= − − −in

ab
A t t ab t t  (9) 

1 csc=
r

t
a

 (10) 

0
2 csc=

R
t

a
 (11) 
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where, t1 and t2 are the substitution parameters; r is the outer radius of the runner, m. 184 

By combining Eq. 2 and 5-11, a calculation method related to 0R  can be obtained for 185 

determination of the area of conversion block inlet. It is very difficult to get analytic 186 

solution of 0R  but an approximate solution can be acquired based on iteration method. 187 

By giving an initial value and a range of 0R , the value of '

inA  can be calculated. If the 188 

value of '

inA  satisfies the followed equation, this 0R  can be regarded as the required 189 

value. 190 

'

in in

in

A A
C

A

−
  (12) 

where, C is the allowable deviation, 2% is selected in this study. 191 

The second step is to determines the interval values of R  at different azimuthal angles, 192 

similarly, the flow rate at the cross section through runner central axis and R  can be 193 

calculated as  194 



  



− −
=Q Q  (13) 

It is assumed that the flow velocity in the space between the conversion block and 195 

runner is uniform, so the area of the cross section through runner central axis and Rθ 196 

can be calculated: 197 

in

Q
A

V


 =  (14) 

The elliptic equation of the cross section can be described as:  198 

2 2

2 2
1+ =

x y

a b
 (15) 

0cos( )
2


  = − − −pipea R  (16) 

= pipeb R  (17) 
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By repeating Eq. 8-12 and using iteration method, the values of R  can be obtained 199 

and the shape of conversion block can be determined finally. 200 

As the main function of guide block is to direct the water flow to the runner and 201 

conversion block. Its main geometrical parameter is the attack angle α which is showed 202 

in Figure 1. The attack angle determines the flow inlet direction and its effect on the 203 

turbine performance has been studied by several researchers [28] [29] [30]. In this study, 204 

the value of attack angle is designed as 22°, which is suggested as the optimum value 205 

by the references[24] [30]. 206 

2.1.2 Runner design 207 

 208 

Fig.2 The main geometrical parameters of runner and blades 209 

The runner, which is composed of 20 blades and 3 discs for blades fixing, is the main 210 

component for energy harvesting from water flow. The structure and main geometrical 211 

parameters of the runner and blades are indicated in Figure 2. The runner’s geometrical 212 

parameters include the runner length L, outer diameter D1 and inner diameter D2 while 213 

the geometrical parameters of blades include outer blade angle β1, inner blade angle β2 214 

and blade radius Rb. Among them, L is determined by the diameter of water mains, as 215 

the runner is inserted in the water mains through a T-joint with diameter of 100mm, D1 216 

is determined 98mm. Besides, many investigations have demonstrated that β1, β2 and 217 

the ratio of inner and outer diameter 
2 1D D  have significant effects on cross-flow 218 

turbine performance [15] [20], as this paper focuses on the effects of runner inlet arc 219 
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angle on the turbine performance, β1, β2 and 
2 1D D   are determined based on the 220 

empirical values suggested in reference [24]. After determination of D1, 2 1D D  and 221 

β1, the blade radius bR  can be calculated by: 222 

2 2

1 2

1 14 cos
b

D D
R

D 

−
=  (18) 

Considering the limited space and machining difficulty, the blades number Nb is 223 

selected as 20. Table 1 summarizes the values and symbols of runner geometrical 224 

parameters.  225 

Table 1 The values of runner main geometrical parameters 226 

Geometrical Parameters Symbols Values 

Blade outer angle β1 39° 

Blade inner angle β2 90° 

Outer diameter D1 98mm 

Inner diameter D2 66mm 

Ratio of inner and outer diameter  D2/D1 0.68 

Blade radius Rb 18.2mm 

Blade thickness Tb 2mm 

Blades number Nb 20 

Runner length L 215mm 

2.2 Physical model 227 

 228 
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Fig.3 Physical models of the inline cross-flow turbine (a) Case 1: λ=90°  229 

(b) Case 2: λ=105° (c) Case 3: λ=120° (d) Case 4: λ=135° 230 

To study the impact of different runner inlet arc angles on the turbine performance, four 231 

physical models of the inline cross-flow turbine are built using Solidworks 2014 based 232 

on the proposed design methods. Figure 3 shows the models studied in this research, 233 

the runner inlet arc angles of case 1-4 are 90°, 105°, 120° and 135°, respectively. 234 

2.3 Numerical method 235 

The Computational Fluid Dynamics (CFD) method has been widely used in the domain 236 

of flow analysis and performance prediction of hydro turbines [31] [32] [33]. For CFD 237 

simulations, computational grids of the physical models (as shown in Figure 4) were 238 

generated using ANSYS ICEM 14.5. The whole computational domain is composed of 239 

four parts: inlet extension, turbine body, runner and outlet extension. The computational 240 

domain was divided into two symmetric parts but only one was modeled and simulated, 241 

assuming an impermeable boundary along the symmetry plane. General grid interface 242 

is used to connect different parts. These four parts can be divided into two domains: 243 

stationary domain which is composed of inlet extension part, turbine body and outlet 244 

extension part and the rotating domain consisting of the runner. As the turbine geometry 245 

is highly complex due to the curved walls of blocks and narrow tip regions between the 246 

runner and blocks, the grids were generated with unstructured tetrahedral mesh. Besides, 247 

to increase calculation accuracy, prismatic mesh was adopted for grid generation in the 248 

domains near wall boundaries, i.e. the pipe wall and blades. The initial height of 249 

prismatic mesh near pipe wall and blades wall are 0.3 and 0.08, respectively, and the 250 

number of mesh layers is 10. The average value of y+ near the boundary walls is around 251 

30. In particular, y+ value near the blades wall is around 5. Furthermore, mesh density 252 

near interfaces, inlet and outlet is enhanced. To minimize the numerical uncertainty in 253 

solution, a grid independence test was conducted considering the output shaft power at 254 

the runner rotating speed of 35rad/s. Table 2 shows the shaft power output of four 255 

different meshing schemes. According to the results, to achieve a good balance between 256 
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calculation time and accuracy, the grid number is selected 3.77 million. 257 

Table 2 Grid independence test results 258 

Grid number (Million) Shaft power (W) Variation (%) 

1.82 830.9 N/A 

2.88 843.5 1.52 

3.77 846.3 0.33 

5.31 846.6 0.04 

 259 

Fig.4 The final meshing scheme of the computational domain  260 

The incompressible isothermal flow through a turbomachine is fully described by the 261 

continuity and momentum equations, which are called the Navier-Stokes equations and 262 

written as:  263 

0i

i

u

x


=


 (19) 

2
1



  
+ = − +

    

i i i
j

j i i j

u u up
u v

t x x x x
 (20) 

where u  is the velocity, p is the pressure, v  is the kinematic viscosity of fluid,   264 

is the density of fluid.  265 

To solve the Navier-Stokes equations, the Reynolds averaged Navier–Stokes (RANS) 266 

method was adopted. RANS equations are obtained by time-averaging the Navier-267 

Stokes equations for the mean values of the flow variables over a sufficiently long 268 

period compared to the frequencies of turbulent fluctuations, and are written as: 269 
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where U is the time-averaged velocity, 
iu  is the fluctuating velocity due to turbulence 270 

and   − i ju u  is the Reynolds shear stress.  271 

RANS simulations with appropriate turbulence models have been widely used for 272 

turbomachinery design analyses due to their low computational cost and satisfactory 273 

predictive capability for average device performance [34]. Several turbulence models 274 

were proposed to close the RANS equations, e.g. standard k −  model, RNG k −  275 

model, k −   model and SST k −   model. Among them, the SST k −   model 276 

combines the standard k −  model and standard k −  model, it takes the effects of 277 

turbulence shear stress into consideration in the definition of the turbulence viscosity 278 

and could capture the micro flow in the viscous layer. Besides, in the reference [15], 279 

the author performed CFD simulations with several different turbulence models for 280 

performance prediction of cross-flow turbine, the results showed that the SST k −  281 

model can be reliable and accurate in numerical study of cross-flow turbines. In this 282 

study, the SST k −  model is chosen for numerical simulation. 283 

Steady CFD simulations were conducted based on RANS equations with SST k −  284 

model using commercial software ANSYS CFX 14.5. In the simulation process, the 285 

second-order-accurate finite-volume discretization scheme is selected and the target 286 

Root Mean Square (RMS) is set to 10-5. The inlet and outlet boundary conditions are 287 

corresponding to the working conditions in the water mains. As the flow velocity and 288 

water head are the main parameters for turbine design and the water head on the turbine 289 

downstream is an important issue assessing the influence of turbine application on 290 

normal water supply, the inlet velocity is considered as the inlet boundary condition of 291 

the inlet face while the outlet boundary condition is set as pressure outlet. Besides, the 292 
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boundary condition of turbine wall, blocks and blades is set as non-slip smooth wall. 293 

For interface, the mesh connection method was automatic. 294 

2.4 Experimental setup and prototype 295 

 296 

Fig.5 The preliminary turbine prototype and hydraulic test rig 297 

A hydraulic test rig was built with the help of the WSD and a preliminary turbine 298 

prototype was fabricated and tested [18]. As shown in Figure 5 is the turbine prototype 299 

and hydraulic test rig. The preliminary prototype was developed in our former research 300 

project to study the feasibility of hydropower harvesting from urban water mains. It is 301 

mainly composed of a cross-flow runner, a guide block with concave surface and a plate 302 

conversion block [18]. The hydraulic test rig was built at Ma On Shan Water Treatment 303 

Works (MOSWTW) of Hong Kong. The test rig consists of DN250 pipes, two 304 

submersible pumps, the water turbine, an adjustable ball valve and a frequency 305 

converter controller. By adjusting the frequency converter controller and the opening 306 

degree of ball valve, the flow velocity can be adjusted from 0.5 to 3.0m/s and the 307 

maximum water head can reach 80m. For data monitoring and recording, two 308 

manometers and an electromagnetic flow meter are used to detect water head and flow 309 

velocity, respectively. A 24V three-phase permanent magnet alternating generator with 310 

low starting torque is connected to the turbine shaft for electricity generation. A 311 

controller was developed for power management and data collection. With the remote 312 

communication module of the controller, the monitored water head, flow velocity, 313 

turbine rotation speed, charging voltage and current can be recorded in a computer. In 314 
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the described test rig, the electromagnetic flow meter has a precision of ±0.5% full scale 315 

while the precision of pressure meter is ±0.25% full scale. Using the prescribed methods 316 

for uncertainty estimation [35], the composite errors for water head loss and efficiency 317 

measurement are ±0.25% and ±0.56%, respectively. 318 

2.5 Data analysis 319 

Tip speed ratio (TSR), which means the ratio of the peripheral speed of the turbine 320 

runner and the mean flow velocity at runner inlet and expressed by Equation (23), is an 321 

important parameter related to turbine efficiency.  322 


=

r
TSR

V
 (23) 

where r is the runner radius (m); V is the mean flow velocity at runner inlet (m/s). 323 

In this research, the flow velocity at runner inlet remains constant. To analyze the effect 324 

of TSR on turbine performance, the runner rotation speed was varied in different CFD 325 

simulations, so turbine performance under different TSR was obtained. 326 

This study aims to study the effect of different runner inlet arc angle on the performance 327 

of inline cross-flow turbine by numerical methods, so it is necessary to validate the 328 

accuracy of the numerical results. In the experiments, the turbine performance is 329 

assessed based on the power output of generator, however, CFD simulations can only 330 

provide the torque output of runner. To compare the experimental and numerical results 331 

and to predict the turbine performance more directly, the overall mechanical efficiency 332 

and generator conversion efficiency which are determined based on the data provided 333 

by parts suppliers are considered. The experimental data are processed using the 334 

followed equations: 335 

/out ex me gP P  =  (24) 

inP g HQ=   
(25) 
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out

in

P

P
 =  

(26) 

Where 
outP  is the output power of the shaft, W; 

exP  is the experimental output power, 336 

W; 
me  is the overall mechanical efficiency; 

g  is the conversion efficiency of the 337 

generator; 
inP   is the total input power, W;    is water density, kg/m3; g   is 338 

acceleration of gravity, m/s2; H  is the water head reduction through the turbine, m; 339 

Q  is the water volume flow rate, m3/s;   is the turbine efficiency.  340 

3. Results and analysis 341 

In the present paper, a series of CFD simulations were performed to investigate the 342 

effects of different runner inlet angles on the inline cross-flow turbine performance. 343 

Firstly, the numerical and experimental efficiency of the preliminary prototype are 344 

compared for validation. After that, the performance and flow characteristics of turbine 345 

models with different runner inlet angles are analyzed. 346 

3.1 Validation of the CFD model 347 

The experimental performance of the preliminary turbine prototype described in part 348 

2.4 at different flow velocities was obtained in the hydraulic test rig. Besides, the 349 

physical model of the turbine prototype was built and simulated using the numerical 350 

method presented in part 2.3 to study its performance numerically. To compare the 351 

numerical and experimental results, the inlet flow velocity and runner rotation speed in 352 

simulation process corresponded to that in experimental setup. Figure 6 and Table 3 353 

indicate the comparison between the numerical and experimental turbine efficiency. It 354 

can be observed the trend of numerical and experimental efficiency agrees very well, 355 

however, there are still some deviations between the experimental and numerical results. 356 
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 357 

Fig.6 Comparison between numerical and experimental efficiency  358 

Table 3 Numerical and experimental efficiency and relative errors 359 

Flow velocity 

(m/s) 

Experimental 

efficiency (%) 

Numerical 

efficiency (%) 
Error (%) 

1.3 7.18 7.32 1.94 

1.4 7.53 7.35 -2.39 

1.5 8.14 7.46 -8.35 

1.6 8.39 8.47 0.95 

1.7 8.56 8.49 -0.82 

1.8 8.31 8.54 2.77 

1.9 8.5 8.53 0.12 

2.0 8.07 8.36 3.59 

There are two main reasons for the difference between experimental and numerical 360 

results. Firstly, the physical models used in CFD simulation is simplified, resulting in 361 

calculation uncertainties which are very difficult to be measured and ruled out. On the 362 

other hand, the deviations can also be caused by experimental measuring errors. In the 363 

test rig, the unstable flow caused by the turbine may result in pressure fluctuation, 364 

which has a negative impact on measuring accuracy. However, it can be seen in Table 365 

3 that most of the error percentages in terms of turbine efficiency are limited in ±5%, 366 

therefore, the proposed numerical method is suitable for performance analysis of the 367 

inline cross-flow turbine regardless of some acceptable errors. In addition, it can also 368 

be observed that the efficiency of the developed turbine prototype is relatively low. The 369 

main reason for the low efficiency is that the shapes of blocks in the prototype are very 370 
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simple and the blocks cannot fully realize their functions. The low experimental 371 

efficiency of the proposed turbine prototype also indicates that it is of vital importance 372 

to develop a block design method to improve the performance of inline cross-flow 373 

turbine. 374 

3.2 Numerical turbine performance 375 

 376 

Fig.7 Output power of different cases 377 

 378 

Fig.8 Water head reduction of different cases 379 
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 380 

Fig.9 Efficiency of different cases 381 

To fully study effects of different runner inlet arc angle on the inline cross-flow turbine 382 

performance, the numerical models of the described cases in Part 2.2 were simulated at 383 

different TSRs under the flow velocity of 1.5m/s. Figure 7-9 show the output power, 384 

water head reduction through the turbine and efficiency of the four cases, respectively. 385 

With the increase of TSR, the output power of four cases increases until reaching 386 

maximum, then decrease. By comparing the curves in Figure 7, the turbine output 387 

power decreases with the increase of runner inlet arc angle. For example, when λ=90°, 388 

the maximum output power is about 1880W, nearly 26% higher than that of the model 389 

with λ=135°. Besides, the maximum output power of the four cases occurs when TSR 390 

equals to 1.1, 1.0, 1.0 and 0.9, respectively. Figure 8 shows the water head reduction 391 

through the turbines with different runner inlet arc angle. The water head reduction of 392 

all the four cases increases gradually with the increase of TSR. However, it can be 393 

observed that the water head reduction of Case 1 is much higher than that of the other 394 

three cases, while Case 2-4 have the similar water head reduction. In term of efficiency, 395 

the four cases have the same trend. The maximum efficiency of Case 1 occurs when 396 

TSR is 0.8 while case 2-4 get their maximum efficiency at TSR of 0.7. Among the four 397 

cases, the overall efficiency of Case 4 is the poorest, only around 39%, for the other 398 

cases, the efficiency difference is relatively slight. Case 2 has a better efficiency than 399 

the other three models, with the maximum value of 42.6%. It can be concluded that 400 
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with the increase of runner inlet arc angle, the best efficiency of inline cross-flow 401 

turbine first rises then falls. Besides, Case 2 also keeps a high efficiency in a wide range 402 

of TSR. As observed in Figure 8, at the best efficiency TSR, the water head reduction 403 

of case 2-4 is around 5m water, which satisfies the requirement of the WSD very well. 404 

In conclusion, to achieve a good balance between turbine efficiency and water head 405 

reduction, Case 2 is the best model among the four studied cases. 406 

3.3 The function of the conversion block 407 

As described in part 2.1, the main function of conversion block is to convert part of the 408 

water head into kinetic energy. To analyze the effect of runner inlet arc angle on the 409 

function of conversion block, water head reduction through the conversion blocks of 410 

four cases are indicated in Figure 10. In the analysis, the friction and hydraulic loss are 411 

ignored, so the reduced water head through the conversion block is converted into 412 

kinetic energy completely. As shown in Figure 10, the overall variation trend is that the 413 

converted water head rises gradually with the increase of TSR. The case with a smaller 414 

runner inlet arc angle can convert more water head. For instance, in Case 1, the 415 

conversion block converts 1.35m water head into kinetic energy at TSR of 0.7, while 416 

in Case 4, the value is only 0.9m. The variation of converted water head with runner 417 

inlet arc angle also provides explanations for the difference of output power and water 418 

head reduction in the cases.  419 
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 420 

Fig.10 water head reduction through conversion block 421 

3.4 Flow velocity characteristics 422 

The flow velocity characteristics through the proposed inline cross-flow turbine are 423 

studied to evaluate the influencing mechanism of runner inlet arc angle on turbine 424 

performance. As all the four cases get the best efficiency when TSR equals to 0.7 or 0.8, 425 

the flow fields at TSR of 0.7 are analyzed in this research. Figure 11 shows the velocity 426 

vectors distribution inside the cross-flow turbine, it can be seen clearly that the 427 

proposed blocks have a good function in directing the water flow and enhancing the 428 

flow velocity before entering the runner. It can be observed that runner inlet velocity in 429 

Case 1 is higher than the other three cases, which means the blocks in Case 1 can 430 

convert more water head into kinetic energy. The main feature of cross-flow turbine is 431 

that the water flow passes twice through the runner and does work twice on the blades. 432 

As shown in Figure 11, the flow velocity in the second stage is higher than that in the 433 

first stage as the blades passage in the first stage is converging and the flow velocity is 434 

slightly accelerated after leaving the first stage. Comparing the velocity vectors of Case 435 

1-4, in a case with bigger runner inlet arc angle, the water flow passes through more 436 

blades, this phenomenon indicates that runner inlet arc angle has an impact on the power 437 
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output of each blade and stage and this issue will be discussed in the followed part.  438 

 439 

Fig.11 Velocity vectors showing water flow through the inline cross-flow turbine   440 

(a) Case 1: λ=90° (b) Case 2: λ=105° (c) Case 3: λ=120° (d) Case 4: λ=135° 441 

Figure 12 indicates the flow velocity distribution along the runner inlet arc of the four 442 

cases. To compare the velocities of four cases, the variable of x axis in Figure 12 is the 443 

position of runner inlet arc. The flow velocity at the runner inlet arc of the cases 444 

fluctuates significantly in the range from 4.5-6.5m/s, but it can be observed that the 445 

mean velocity reduces slightly with the increase of runner inlet arc angle. After 446 

calculation, the mean runner inlet velocity of Case 1-4 is 6.01, 5.79, 5.36 and 5.12 m/s, 447 

respectively. The difference between runner inlet velocities also explains why the power 448 

output of Case 1 is the highest among four studied cases. As the flow velocity at runner 449 

inlet is a crucial factor in affecting the performance of cross-flow turbine, it can be 450 

concluded that the runner inlet arc angle plays an important role in influencing the 451 

performance of inline cross-flow turbine by determining the runner inlet velocity. It is 452 

interesting to note in Figure 12 that the flow velocity at the end of runner inlet arc 453 

increases significantly in all the cases. The main reason for this phenomenon is the exist 454 

of tip clearance between conversion block and runner and leakage through the tip 455 

clearance may accelerate the flow velocity.  456 



 

24 

 457 

Fig.12 Flow velocity distribution along the runner inlet arc 458 

3.5 Pressure distribution 459 

 460 

 461 

Fig.13 Pressure distribution through the inline cross-flow turbine (a) Case 1: λ=90° 462 

(b) Case 2: λ=105° (c) Case 3: λ=120° (d) Case 4: λ=135° 463 

 464 
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 465 

Fig.14 water head distribution along the runner inlet arc 466 

Water head variation in the cross-flow turbine is another factor that influences turbine 467 

performance. In this study, the water head distribution through the proposed turbine (as 468 

shown in Figure 13) is also investigated. The water head is higher on the upstream side 469 

of the runner, then reduces through and behind the runner, where pressure difference 470 

occurs. Water head through the conversion block reduces gradually, which is because 471 

that the conversion block convert part of the water head into kinetic energy. It can be 472 

observed in the blades passages at first and second stage, water head on blade pressure 473 

side is higher than that on the suction side, which caused pressure difference. As a result, 474 

the force caused pressure difference pushes the blades to rotate from pressure side to 475 

suction side thus power is generated. The pressure difference between runner inlet and 476 

exit is considered a significant factor in power generation as it can draw in more water 477 

and increase the flow velocity [15]. As the downstream water head is considered the 478 

same in the four cases, the water head along runner inlet arc is a key factor in output 479 

power enhancement of the inline cross-flow turbine. From the pressure contours of the 480 

four cases, it is found that the water head at runner inlet reduces slightly with the 481 

increase of runner inlet arc angle. Figure 14 compares the actual variation of water head 482 
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distribution at runner inlet of all the cases. The water head fluctuates sharply along the 483 

runner inlet. It is clear that the average water head at runner inlet of Case 1 is higher 484 

than that in the other cases, which corresponds well with the variation showed in Figure 485 

8. In conclusion, a smaller runner inlet arc can increase the pressure difference between 486 

the upstream and downstream of the runner, resulting in a higher output power but also 487 

a higher overall water head reduction through the turbine.  488 

3.6 Torque of each blade and stage 489 

 490 

Fig.15 Torque output of each blade at the first stage 491 

 492 

Fig.16 Torque output of each blade at the second stage 493 

To study the effect of runner inlet arc angle on the power of each blade, blades torque 494 
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output at the first and second stage is shown in Figure 15 and 16, respectively. Due to 495 

the variation of inlet arc angle, the blades number at each stage in different cases is 496 

different. As can be seen in Figure 15, although water flow does work on more blades 497 

in the cases with bigger runner inlet arc angle, the torque output of each blade is 498 

relatively low. The main reason that accounts for this trend is the low flow velocity and 499 

water head at runner inlet in these cases. Figure 16 indicates that at the second stage, 500 

more blades can generate torque in cases with smaller runner inlet arc angle. 501 

Explanation of this phenomenon is that in the cases with a bigger runner inlet arc angle, 502 

the exit area of the runner is relatively small, resulting in the number reduction of blades 503 

which output torque at the second stage. Figure 17 summarizes the total torque output 504 

of the first and second stage. It can be observed that the effect of runner inlet arc angle 505 

on the first stage is slight. With the increase of runner inlet arc angle, the torque output 506 

at the second stage decreases gradually. For example, the torque output at the second 507 

stage in Case 1 is about 40% more than that in Case 4. The main reason for this 508 

phenomenon is that in a model with bigger runner inlet arc angle, flow velocity at the 509 

inlet of runner second stage is smaller. In addition, it can be seen that in the proposed 510 

inline cross-flow turbine, the second stage generates similar or more torque compared 511 

to the first stage, this is mainly because of the higher flow velocity through the blades 512 

passage at the second stage. 513 

 514 

Fig.17 Torque output of each stage 515 
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Conclusions 516 

This study aims to investigate the impact of the runner inlet arc angle on the 517 

performance of inline cross-flow turbines. Firstly, a mathematic design method for the 518 

blocks is developed. With the proposed method, four models with different runner inlet 519 

arc angle are built and simulated to obtain an in-depth understanding about the effect 520 

and influencing mechanism of runner inlet arc angle on turbine performance. As 521 

referred from the present study, the following conclusions can be obtained: 522 

(1) Based on the proposed block design method, the runner inlet arc angle is a key 523 

parameter in determining the shape of conversion block. Runner inlet arc angle has an 524 

important impact on the function of conversion block. A model with smaller runner 525 

inlet arc angle can convert more water head into flow kinetic energy through the 526 

conversion block. 527 

(2) A smaller runner inlet arc angle can increase the flow velocity at runner inlet and 528 

pressure difference between the upstream and downstream of the runner, resulting in a 529 

higher output power but also a higher overall water head reduction through the turbine. 530 

(3) The analysis about torque output of each blade and stage indicates that the runner 531 

inlet arc angle only has a slight influence on the power output of runner first stage but 532 

has a significant impact on that of runner second stage. With the increase of runner inlet 533 

arc angle, the torque output at the second stage encounters a gradual decrease. 534 

(4) To achieve a good balance between turbine efficiency and water head reduction, the 535 

suggested runner inlet arc angle is 105°. Numerical results showed that the model with 536 

105° runner inlet arc angle could reach a maximum efficiency of 42.6% with about 537 

1565W power output. 538 
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