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ABSTRACT

Water supply networks (WSN) are important structures in urban and industrial environments that are built to transport fluid 
between several supply and demand points. However, a significant amount of pressure energy still remains at the end of the 
water supply pipe system. This energy is usually released and wasted. Therefore, a pico propeller turbine was chosen as a 
solution to recover the energy. In order to study more deeply on the performance of a pico propeller turbine in a laboratory 
environment, a new runner model was designed to improve the performance of the existing runner model. The design of the 
new runner blade model considers several key parameters such as the hub-tip diameter ratio and velocity triangle calculation 
which govern blade performance. The performance of the new runner model was evaluated by CFD analysis and compared with 
the performance characteristics of the old runner model. The internal flow and cavitation performance were also investigated 
for the new runner design.

1. Introduction

Water supply networks (WSN) are important structures 

in urban and industrial environments that are built to 

transport fluid between several supply and demand 

points. However, a significant amount of pressure 

energy still remains at the end of the water supply 

pipe system. This energy is usually released and 

wasted. Many researchers have studied methods to 

recover the remaining energy in the WSN by using 

small scale hydropower [1-3]. Small scale hydropower 

can be classified into small, mini and micro or pico 

hydros  depending on the output power and the type of 

the adopted scheme [4,5]. There are not yet globally 

accepted boundaries to define these classes. It usually 

depends on the country, but micro-hydro typically 

refers to schemes below 100kW [6] while pico hydro 

usually corresponds to the installed power of less than 

5kW [7]. Equation (1) is the general formula for the 

output power of any hydropower system output:

  (1)

Where ,  and  are the output power produced at 

the turbine shaft (watts), flow rate passing through 

the turbine (m
3
/s) and effective pressure head of water 

across the turbine (m), respectively.  is the hydraulic 

efficiency of the turbine.  is the density of working 

fluid (kg/m
3
).  is the acceleration due to gravity 

(m/s
2
). Micro-hydropower generation efficiency is 
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Fig. 1 The schematic of the propeller turbine model test

facility with the old runner model

Fig. 2 The axial pump model(a) and (b)propeller turbine model

Fig. 3 The existing old runner model (left) of the propeller turbine

installed in the inline pipe (right)

Fig. 4 Measured performance of the propeller turbine model with

the old runner model by experiment

generally in the ranges of 60%-80% [4]. P. Singh et al. 

[8] carried out experimental optimization of a propeller 

turbine working with low head from 1.5-2 m and 

geometrical changes at the inlet tip and outlet tip 

blade angles of the runner. R. Simpson et al. [9] 

designed and implemented a 5kW class propeller 

turbine with the head ranges of 3-4 m and reported a 

maximum efficiency of 65%. K. Alexander et al. [10] 

attempted to standardize four propeller turbine models 

working with the head ranges of 3-9m and generated 

power in the ranges of 1.5-3 kW and has recorded 

peak efficiency in the ranges of 68-74%. The maximum 

efficiency of 74%  has been recorded by experiment. 

The aim of this study is to design a new runner 

model of a pico class propeller turbine for improving 

the performance of the old runner model. Also, the 

newly designed runner model will be evaluated by CFD 

analysis and compared with the performance 

characteristics of the old runner model.

2. Performance test facility of turbine model

2.1 Propeller turbine model test facility

The schematic of the propeller turbine model test 

facility is introduced in Fig. 1. Fig. 2 shows the axial 

pump model and propeller turbine model in detail. The 

propeller turbine model was horizontally installed in 

the test system which consists of an axial flow pump 

driven by a motor, two gate valves, a flow meter, a 

propeller turbine, a dynamometer and a water tank. 

The inner diameter of the pipe system is 155 mm but 

the casing inner diameters of the axial pump model 

and the propeller turbine model are both 151 mm with 

0.5 mm tip clearance between the blade tip and the 

casing inner wall. As the tip gap less than 0.15 mm is 

not recommended [11], for manufacturing easier, the 

0.5 mm tip gap was chosen. Pressure transducers are 

installed at the inlet and outlet pipes of the axial 

pump and the propeller turbine models to measure the 

pump and turbine heads, respectively. Dynamic torque 

meters are installed to measure the shaft speed and 

output torque. All measurement signals for each 

operating condition are recorded to a data logging 

system.

2.2 The old propeller turbine model performance

The old runner model which has a runner diameter 

of 150 mm was manufactured and installed within an 
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Head (m) 3

Power (kW) 1

Flow Rate (m
3
/s) 0.03

Rotational Speed (min
-1
) 1800

Runner Diameter (mm) 150

Table 1 Design parameters of the new propeller turbine model

Fig. 5 Flow chart of a design process for the new propeller

turbine model

Fig. 6 The performance of the axial flow pump at various

rotational speed by experiment

inline pipe as shown in Fig. 3. In the experimental 

apparatus, the old runner model has no guide vane for 

the simplification of the pico propeller turbine model 

system. The experimental results of the old runner 

model are shown in Fig. 4. The efficiency of the old 

runner model at the design point is 66.5% which is  a 

general value [4] but quite low yet for the 

commercialization of the pico propeller turbine. 

Therefore, a new propeller turbine needs to be 

designed to improve the performance.

3. Design of new propeller turbine model

Fig. 5 illustrates the flow chart of a design process 

for the new propeller turbine model. Input power of 

the turbine runner is fed by the axial flow pump as 

shown in Fig. 1. Therefore, the design point of the new 

runner model is determined by the existing pump 

performance and pipe loss between the axial pump and 

the turbine model. The pump performance is shown in 

Fig. 6. The design parameters of the new propeller 

turbine model are shown in Table 1. 

3.1 Determination of the runner blade angle

Dixon [12] concluded that the free vortex method can 

be applied to the incompressible flow for Kaplan 

turbines as well as the compressible flow for gas 

turbine and compressors. K. Alexander [10] and P. 

Sing [8], used the free vortex method for their 

propeller turbine runner design. Therefore, the free 

vortex method has been applied to the flow from the 

guide vane outlet to the runner blade inlet in this 

study. The guide vane outlet angle and runner blade 

inlet angle have been calculated by the free vortex 

method with the assumption that there is no energy 

loss. The form of the free vortex principle comes from 

the conservation of angular momentum. This is 

illustrated by equation (2)

   (2)

This is the starting point for calculating the runner

blade inlet angle with the known constant . The value 

of constant  can be found in equation (3) which is 

called the Euler’s head equation. Where   ,   and  

are the theoretical head, tangential velocity and 

peripheral velocity, respectively. Indicators 1 and 2 

refer to the inlet and outlet of the runner blade, 

respectively. In order to achieve maximum energy 

transfer from the runner blade, the flow at the outlet 

of the runner blade should have no swirl flow. This 

means that   . 

  


   (3)

Combining the equations (2) and (3) while considering 
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Fig. 7 Velocity diagrams for a guide vane section (a) and runner

blade section (b)

Fig. 8 Dynamic characteristics of hydrofoil used for the new runner

model at Reynolds number of 500000 and 1000000

Fig. 9 Comparison of old and new runner blade shapes

Author P. Singh [8] K. Alexander [10] Old New

 0.30 0.60-0.64 0.35 0.50

Table 2 The hub-tip diameter ratio

the condition of no swirl flow at the runner outlet, the 

constant  can be substituted to form equation (4).

 


(4)

3.2 Design of runner blade shape

Fig. 7 represents the velocity diagrams of the runner 

blade and guide vane at a cylindrical section. In this 

study, from the hub to tip of the runner blade, five 

cylindrical sections are equally divided on the runner 

blade surface. In each section, the velocity triangle is 

calculated at the runner inlet and runner outlet points 

following the expressions:

At the runner inlet point:

  tan  

    

where  


;

 ;   

At the runner outlet point:

  tan 
 

where   



;  



Where ,  ,  and  are the runner blade angle, 

hub diameter, runner diameter and meridional 

velocity, respectively. The blade angle varies at each 

cylindrical section due to the variation of the relative 

flow angle from the hub to the tip of the blade inlet. 

The hub-tip diameter ratio,, defines the hub 

diameter and annulus flow area for a propeller turbine. 

According to P. Singh [8], the choice of the hub to tip 

ratio and number of blades technically depends on the  

specific speed of the turbine. However, a designer's 

freedom can also be exercised in choosing the values. 

Table 2 shows the  from previous studies and 

includes the hub-tip diameter ratio used in this study. 

A hydrofoil was used in four sections, and the modified 

hydrofoil shape is utilized in the hub section of the 

new runner model due to its structural safety 

enhancement of the new runner model. The shape and 

dynamic characteristics of the hydrofoil are shown in 

Fig. 8. The hydrofoil characteristics were investigated 

at varying Reynolds number and angle of attack by 
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Fig. 11 Mesh of one pitch of new runner blade and guide vane

passages

Fig. 12 Mesh independence for all turbine domain

Analysis Type Steady State

Turbulence Model Shear Stress Transport

Runner Region Multiple Reference Frame

Inlet Total Pressure

Outlet Static Pressure

Walls No-slip

Working Fluid Water at 25°C

Table 4 Boundary conditions for the flow field

Fig. 10 The 3D modelling of the old (a) and new (b) runner models

Model
Runner

Diameter

No.

of Blade

Solidity Factor

Hub Mid. Tip

The Old 150 mm 4
0.85 0.73 0.58

The New 150 mm 5

Table 3 Comparison of geometrical parameters for 2 runner models

using a commercial code of ANSYS CFX [13]. The 

figure shows that the highest lift to drag ratio was 

achieved at an angle of attack of 10 degrees in both 

cases. Figs. 9 and 10 compare the runner blade shape 

and 3D modeling between the old and new runner 

models. Table 3 compares the geometrical parameters 

of 2 runner models. Both of the runner models have 

same the solidity factor but different number of blade. 

As a result, the chord length in the new runner is 

shorter than that of the old runner model.

3.3 Design of the guide vane

 

The design of old runner model did not include a 

guide vane. However, a guide vane was designed for 

the new runner model in order to improve the turbine 

performance, especially in efficiency more. The design 

method of the guide vane is similar to the design of 

the runner blade. To determine the guide vane angle, 

the free vortex method was applied to calculate the 

guide vane outlet according to the following 

expressions: 

  tan 

 ;

  ;  ;   

Where the character “” represents the value at the 
guide vane. Like the runner blade model, the guide 

vane shape is also designed with a hydrofoil. The 

number of the guide vane is designed with 7 vanes.

4. Numerical method

A commercial software of ANSYS CFX is used in this 

study. The mesh of one pitch of the new runner blade 

and guide vane model passages is shown in Fig. 11. 

The numerical grid for whole passage domain was 

constructed using a hexahedral grid. To decide the grid 

number in the propeller turbine, four high quality 

structured mesh sizes were investigated by CFD 

analysis.

Fig. 12 indicates the relationship between the grid 

number and the efficiency of the full passage domain 

of the propeller turbine. Since the turbine model 

efficiency does not change significantly over 4.5 

million nodes, a mesh grid number of 4.5 million was 

selected for this study. An O-grid is used for the 

runner blade and the guide vane to increase the 

density of the grid layer number near the walls to 
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Fig. 13 Comparison of the turbine performance curves by the old

and new runner models Fig.14 Comparison of component losses by old and new models

achieve reasonable CFD analysis results. Moreover, the 

averaged y+ value of the runner blade is 11.3. The 

boundary conditions for CFD analysis on the turbine 

performance prediction are indicated in Table 4. The 

Rayleigh-Plesset model was used to predict the 

cavitation performance of the both runner models.  

5. Results and discussion

5.1 Performance curves

   

Fig. 13 compares the turbine performance curves by 

the old and new runner models. The experimental 

efficiency of the old model is almost agree well with 

the CFD analysis result below the range of rotational 

speed of 1600 min
-1
. The different efficiency of the old 

turbine between the experimental and CFD results may 

be due to mechanical loss increasing at high rotational 

speed (>1600 min
-1
) in the system. The figure clearly 

shows that the efficiency and power curves by the new 

runner model are higher than those by the old runner 

model. According to the CFD analysis results, the 

maximum efficiency by the new runner model is 84.0% 

which is approximately 14% higher than that by the old 

runner model at the design point. The experimental 

result of the new turbine model will be compared with 

that of the old turbine model in the future. 

Moreover, unit power (), shown in equation (5) 

was used to compare the performance of the two 

runner models. The unit power produced by the new 

runner model largely higher than that by the old 

runner model at the design rotational speed.

   

  


(5)

5.2 Loss analysis

To investigate the component losses of the propeller 

turbine, four sub-domains were divided in the flow 

field namely; inlet region, guide vane region, runner 

region and outlet region. The first domain is the inlet 

region and is defined from the intake pipe inlet to the 

inlet of the guide vane. The second domain is the guide 

vane region which is defined from the inlet of the 

guide vane to the runner inlet. The third domain is the 

runner region which is defined from the runner inlet to 

the inlet of the discharge pipe. The final domain is the 

outlet region from the inlet of the discharge pipe. 

Equations (6) and (7) are applied for the results of CFD 

analysis to calculate the losses at the inlet, guide 

vane, outlet and runner regions, respectively.

 
∆

× (6)

   

∆


× (7)

Where ∆ is the total pressure difference in the 

analysis region.  is the total head and  is the flow 

rate supply at the inlet of the propeller turbine. The 
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Fig. 15 Comparison of pressure coefficient on the old and new

blade model surfaces at the design point (1800 min-1)

Fig. 16 Comparison of streamline distribution on the old and new

runner blade model surfaces at the design point

character “” represents the value at the runner 

region. Fig. 14 shows local losses distribution by the 

turbines at varying rotational speed. In the old model, 

when increasing the runner rotational speed, the swirl 

intensity decreases in the outlet region. It relates to 

reduction of the loss at the outlet region. However, the 

loss in the runner region of old model increased. The 

losses in the runner and outlet regions are 

significantly reduced by the new runner model in 

comparison with those by the old runner model. This 

may explain why the efficiency of the new model 

improves by 14% at the design point. The losses at the 

inlet and guide vane regions of the new model show 

almost no changes at different rotational speeds. The 

runner region’s loss gradually increases as the 

rotational speed increases in both runner models. The 

loss at the outlet region of the new turbine model 

shows the lowest value at the design point. 

5.3 Pressure coefficient and streamline distribution 

on the blade surface

The pressure coefficient () is calculated by the 

following equation (8) using the CFD analysis results.

 

 
 

(8)

Where  and  are the local static pressure and 

averaged reference static pressure on the blade  

surface. Fig. 15 shows the one blade pressure 

coefficient at the local span positions of the runner 

blade models. The output torque is generated by the 

pressure difference between the pressure and suction 

sides of the runner model. In the new runner blade 

model, the pressure difference between the pressure 

and suction sides is larger than that of the old runner 

model. As a result, there is significant increase in the 

unit power produced by all blades of the new runner 

model as seen in Fig. 13. Fig. 16 indicates comparison 

of streamline distribution on the old and new runner 

blade surfaces at the design rotational speed. The 

numerical result represents that the position of the 

stagnation line on the runner blade surface moves 

toward the pressure side for old runner model. In 

contrast, uniform streamline distribution along the 

new runner blade surfaces is found at the design point. 

It results in the better efficiency is achieved in the 

new turbine model in comparing with the old turbine 

model. Consequently, the efficiency of the runner 

model was relatively high with the uniform flow. 

However, near the tip (span 0.9) of the new runner 

model, the suction side pressure coefficient near the 

leading edge is relatively quite small which could 

result in cavitation near the tip area.

 

5.4 Cavitation performance

In order to predict the cavitation performance on the 

runner blade surfaces, the value of air volume fraction 

(AVF) was examined on the two runner blade models at 

the design point (1800 min
-1
). The  range of AVF is 

from 0 to 1; where a value of “1” means that air 

bubbles are completely formed, resulting in high 

cavitation occurrence. Fig. 17 shows that the AVF 
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Fig. 17 Air volume fraction distribution on the old and new runner

blade surfaces at the design point (1800 min
-1
)

values of the old runner blade model are almost “0” at 
the all local span positions on the runner blade 

surface; this means that the possibility of cavitation 

occurrence in the old runner blade model is very low. 

However, the maximum value of AVF of the new 

runner model is 0.43, which is much higher than that 

of the old runner model because the pressure 

coefficient distribution at the leading edge on suction 

side of the new runner blade model is lower than that 

of the old model as shown in Fig. 15. Nevertheless, the 

AVF value of the new runner blade model is quite 

below the limit of cavitation occurrence. 

6. Conclusions

In this study, the new runner and guide vane models 

of the pico propeller turbine were designed to improve 

the performance of the existing old runner model. By 

comparison of the CFD analysis results for the old and 

new turbine models, it can be identified that the new 

model achieves an efficiency of 84.0% which is 14% 

higher than that of the old model. The efficiency 

improvement in the new turbine model is almost due to 

the significant loss decrease in the runner and outlet 

pipe regions. It means that the new turbine model is 

designed better than the old turbine model. The unit 

power by the new runner model has improved 

considerably higher than that by the old runner model. 

Moreover, the cavitation performance of the new 

runner blade model showed an acceptable range of the 

air volume fraction, which is quite below the limit of 

cavitation occurrence.
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