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Abstract 

The portable hydraulic turbine we previously developed for open channels comprises an axial flow runner with an 
appended collection device and a diffuser section. The output power of this hydraulic turbine was improved by catching 
and accelerating an open-channel water flow using the kinetic energy of the water. This study aimed to further improve 
the performance of the hydraulic turbine. Using numerical analysis, we examined the performances and flow fields of a 
single runner and a composite body consisting of the runner and collection device by varying the airfoil and number of 
blades. Consequently, the maximum values of input power coefficient of the Runner D composite body with two 
blades (which adopts the MEL031 airfoil and alters the blade angle) are equivalent to those of the composite body with 
two blades (MEL021 airfoil). We found that the Runner D composite body has the highest turbine efficiency and thus 
the largest power coefficient. Furthermore, the performance of the Runner D composite body calculated from the 
numerical analysis was verified experimentally in an open-channel water flow test. 

Keywords: Hydraulic Turbine, Runner, Collection Device, Airfoil, Performance, Flow Field 

1. Introduction 
Among the many alternative natural energy sources available, hydropower has again recently attracted attention for electricity 

generation because of its high energy density and lower fluctuations compared with other renewable sources. The hydraulic turbines 
that are used to generate electrical power using waterpower are broadly classified into those for pipe conduits [1] and those for open 
channels [2-4]. Hydraulic turbines for pipe conduits need to have water stored in a dam or a water tank, from which the water free falls 
through the pipes and the embodied potential energy is converted into rotational energy of the turbines. However, damming the water 
may have a negative influence on the ecosystem. Furthermore, suitable locations for installing new such hydropower systems are 
becoming lesser. 

On the other hand, hydraulic turbines for open channels require little infrastructure for guiding the water and can utilize open-
channel water flows with low head (small drop in altitude). However, locations for this technology are limited because many of the 
existing hydraulic turbines for open channels are equipped with intake weirs and tend to have a low rotational speed and need a larger 
size. Recently, despite the development of hydraulic turbines that can generate power simply by being placed in the path of flow [5-7], 
the available turbine output power per unit water-receiving area is inadequate. 

We have proposed a new type of portable hydraulic turbine that uses the kinetic energy of flow in open channels by applying the 
principle of a diffuser wind turbine [8] with an attached brim [9, 10]. To improve output power, this hydraulic turbine contains an axial 
flow runner with an appended collection device that includes a diffuser section to accelerate the water flow. The height of the open-
channel-type turbine is restricted by water depth in an open channel. Hence, the diffuser section of the collection device is fixed in the 
height direction and elongated in the transverse direction. Thereby, the outer diameter of the runner can be mostly enlarged to the same  
size with the water depth. Moreover, because a high-speed rotation-type runner is adopted, small size and a weight saving can be 

Received June 30 2015; accepted for publication August 7 2015: Review conducted by Tadashi Tanuma, Ph.D. (Paper number O15032J)  
Corresponding author: Yasuyuki Nishi, y-nishi@mx.ibaraki.ac.jp   

47 



attained and it is advantageous also in respect of matching with a generator. Using steady flow analysis, we previously studied the 
performance and flow field of the open-channel hydraulic turbine with respect to a single runner, a single collection device, and a 
composite body consisting of the runner and collection device. We also experimentally verified the effectiveness of this hydraulic 
turbine from analysis results [9, 10]. Furthermore, we clarified the influence of the interference between the runners (with different 
number of blades) and an axially asymmetrical collection device of the hydraulic turbine [11]. 

The objective of this study was to improve the performance of an axial flow hydraulic turbine with a collection device. Therefore, 
through numerical analysis, we investigated the performances and flow fields of a single runner and a composite body consisting of a 
runner and collection device by varying the airfoil and number of blades. In addition, we conducted an experiment using a real 
waterway to evaluate and verify the modeling results. 

2. Hydraulic Turbine Test Piece 
For example, a schematic of the hydraulic turbine test piece for Runner D composite body is shown in Fig. 1, and the 

coordinate system [9-11] is shown in Fig. 2. The hydraulic turbine uses the principles of the diffuser wind turbine [8] with an 
attached brim and comprises a collection device (C.D.) appended to an axial flow runner. The hydraulic turbine was designed for 
a flow velocity v∞ = 1.5 m/s and open-channel installation in a water depth of 400 mm. The blade phase angle θ* was taken to be 
positive from the z-axis counterclockwise when viewed from the inlet side. When the reference blade is positioned in the positive 
direction of the z-axis (the position in Fig. 4 described below), θ* is defined to be 0°. 

The collection device was composed of an inlet nozzle section, a diffuser section, and a brim. Open channels with shallow 
water depth are constrained in the height direction. Accordingly, the hydraulic turbine described here differs from conventional 
wind turbines [8, 12-14] and hydraulic turbines [15-18] in which the diffuser section of the collection device is constant vertically 
and varies horizontally. The brim was attached to the left and right sides of the outlet of the collection device. Thus, it is possible 
to make the runner outer diameter almost as large as the water depth by making the height of the diffuser section the same as the 
water depth. The height of the diffuser section was 400 mm to match the design water depth, the spread angle was 8.1° and the 
length of each brim was 100 mm. The total length of the collection device was 1085 mm. 

Figures 3(a)–3(d) illustrate the four runners used for trial in this study, and its dimensions are listed in Table 1. Runner A 
contained the prototype runner that were designed based on the blade element momentum theory [9, 10]. Three blades were used 
where the airfoil was consistent with the MEL021 [19] with a maximum blade thickness relative to a chord length. The design 
value of attack angle was 5°. Runner B was a two-blade runner that was simply designed based on the three blades of Runner A 
[11]. Runner C was changed into MEL031 [19] which has a low drag-lift ratio for low Reynolds numbers (1 × 105) in the airfoil of 
Runner B. Runner D was an improved version of runner C, with the blade angle changed. To increase the output power, the outer 
diameter of each runner was designed to approximately match the designed water depth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Hydraulic turbine (Runner D + C.D.)            Fig. 2 The definition of a coordinate system 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Runner A             (b) Runner B             (c) Runner C             (d) Runner D 
Fig. 3 Test runners 

θ* 

1 2 3 

y 

x 

y 

z 

Collection device 

Runner 

Flow 

v∞, P∞ 

Collection device 
Runner 

 

48 



Table 1 Specifications of test runners 

 

3. Method and Conditions for the Numerical Analysis 
The general-purpose thermal fluid analysis code ANSYS CFX15.0 was used for the numerical analyses. In a composite body 

of this hydraulic turbine, the power coefficient is largely dependent on the interference between the runner and the diffuser section 
of an axially-asymmetrical collection device [11]. Therefore, three dimensional unsteady flow analysis for the composite body and 
three dimensional steady flow analysis for the single runner were performed. The governing equations are the conservation of 
mass equation [20] and the conservation of momentum equation [20]. The SST (Shear Stress Transport) model [21] was used for 
the turbulence model. Moreover, water was used for the working fluid. 

For example, the computational model for Runner D composite body is shown in Figure 4, and the total computational region 
in Figure 5. Computational regions included a single runner or a composite body, their middle regions, and external regions. To 
assess the potential performance of the calculation object, we assumed that a uniform flow entered the extensive space (external 
region) in which the calculation object was placed [9-11]. Therefore, the influence of free surface and velocity distribution, etc. in 
the open channel is not considered. The external region is cylindrical with a diameter 10 times the outer diameter D of the runner. 
Moreover, the lengths upstream and downstream are 10 times and 15 times the length of the outer diameter D of the runner, 
respectively, and are measured from the center of the runner. Total calculation grids were composed of 2.57–2.92 and 3.33–3.67 
million elements for the single runner and composite body analyses, respectively. We confirmed that the dependency on the 
number of grids was relatively small by increasing the total number of calculation grids by 1.5 times [10]. The boundary 
conditions were flow velocity v∞ = 1.5 m/s for the inlet boundary, arbitrary rotational speed for the runner, and a static pressure 
(gauge pressure) of 0 Pa for the outlet boundary. The outer periphery of the external region was assigned as the slip condition and 
wall surfaces were assigned as the nonslip condition. The boundaries between the rotating and static systems were joined using the 
frozen rotor [22] technique in steady flow analyses, and the transient rotor–stator [22] technique in unsteady flow analyses. In 
steady flow analyses, the blade phase angle θ* was fixed to 0°. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Computational model (Runner D + C.D.)          Fig. 5 Computational domain (Runner D + C.D.) 
 

4. Results and Discussion 
4.1 Comparison of Performance Characteristics 

Figure 6 shows the correlation between the tip speed ratio λ and the power coefficient CW of each single runner and the 
composite bodies. Here, the pressure and the wall shear stress acting on the blade surface were multiplied by the radius, and 
integrated to obtain the torque. Considering the single runners, the maximum values of CW are 0.191 at λ = 5.0 for Runner A, 
0.139 at λ = 5.0 for Runner B, 0.266 at λ = 5.7 for Runner C, and 0.265 at λ = 5.0 for Runner D; hence, Runner C has the largest 
value. The maximum values of CW are greater in the case of three blades relative to two blades, and comparing within the two 
blade designs, the values are greater for MEL031 airfoil than for MEL021 airfoil. With respect to the composite bodies, the 
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maximum values of CW are 0.573 at λ = 6.5 for Runner A, 0.645 at λ = 8.5 for Runner B, 0.623 at λ = 5.7 for Runner C, and 0.707 
at λ = 5.7 for Runner D. The maximum values of CW for Runners B, C, and D increased 1.13 times, 1.09 times, and 1.23 times, 
respectively, compared with the prototype Runner A. 

Hence, we found that the composite body with two blades (MEL031 airfoil) with an altered blade angle had the largest values 
of CW. In addition, the maximum values of CW for Runners A, B, C, and D of the composite body increased by factors of 3.00, 
4.64, 2.34, and 2.67, respectively, compared with the single runner. Therefore, the increase in the power coefficient because of the 
collection device became much larger with two blades of MEL021 airfoil. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Correlation between the tip speed ratio and the power coefficient 
 

4.2 Comparison of Various Characteristics and the Flow Field 
We examined the factors that increase the output by investigating the characteristics of each runner. The power coefficient CW, 

the input power coefficient CI and inlet velocity ratio K are obtained by the following equations [8], 
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where Cpd is the diffuser pressure recovery coefficient, Cpb is the backpressure coefficient, f is the correction coefficient (f ≦ 

1), η is the turbine efficiency, ν is the hub ratio, and ψ is the loading coefficient. The correction coefficient considers the change 
in performance of the collection device diffuser caused by the swirling flow at the outlet of the runner, the blade tip vortices, and 
the hub. It also considers the entrance loss of the collection device, which has been ignored thus far. 

The loading coefficient ψ, inlet velocity ratio K, and input power coefficient CI with reference to tip speed ratios λ of each 
runner and composite body are shown in Figs. 7, 8, and 9, respectively. In addition, the correlation between the loading coefficient 
and the input power coefficient or inlet velocity ratio is shown in Fig. 10. CI and K in Fig. 10 were found theoretically from Eqs. 
(2) and (3) under the hypothesis of f = 1, using Cpd and Cpb obtained by the analysis of a single collection device. 

From Fig. 7, it can be seen that ψ gradually increases with increasing λ for Runners A and B (for both single runners and 
composite bodies). In contrast, for Runners C and D, ψ significantly increases with increasing λ for both cases. In particular, in the 
case of composite bodies, ψ increases dramatically at λ ＞ 5.7. As for Runner C, ψ became the largest (excluding the low tip 
speed ratio region) for both cases. Comparing Runners A and C, with respect to ψ of the composite bodies, Runner A showed 
higher values in the low-tip-speed-ratio region, whereas Runner C showed greater values in the high-tip-speed-ratio region. The 
value of λ where the reverse phenomenon of ψ occurs is in the vicinity of the tip speed ratio where the CW of Runner C reaches the 
maximum. When CW decreases for latter tip speed ratios, this may be influenced by the increase in ψ. This trend can also be 
verified with the static pressure distributions around the hydraulic turbine at λ = 6.5, as illustrated in Figures 11(a)–11(d). It can be 
seen that CP in front of a runner is considerably larger for the Runner C composite body and slightly larger for the Runner D 
composite body, compared with that of Runner A. 
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Fig. 8 Correlation between the tip speed ratio and 
the inlet velocity ratio 

Fig. 7 Correlation between the tip speed ratio and 
the loading coefficient 

From Fig. 8, it can be seen that Runner B has the largest inlet velocity ratio over the entire range of tip speed ratios for both the 
single runner and composite bodies, which is the opposite tendency relative to the loading coefficient. Runners C and D showed 
larger K values in the low-tip-speed-ratio region, but a smaller K in the high-tip-speed-ratio region, compared with Runner A. At λ 
= 6.5, K values for the composite bodies with Runners A–D increased 1.251 times, 1.470 times, 1.184 times, and 1.220 times, 
respectively, compared with each single runner. Accordingly, the runners of smaller loading coefficients have larger inlet velocity 
ratios and larger increases in inlet velocity ratios owing to the collection device. 

As shown in Fig. 9, CI values of Runner C for all the single runners were the largest throughout the entire range of tip speed 
ratios. Of all the composite bodies, CI values of Runner B were the largest for the high tip speed ratios. The CI values of Runners 
C and D sharply decreased at λ ＞ 5.7. This point is in the vicinity of the tip speed ratio where the abovementioned ψ 
dramatically increased (the extreme increase in ψ reduced K). Runners C and D had large CI values for low tip speed ratios. 
Specifically, the maximum value of CI of Runner D is equivalent to that of Runner B. According to the theoretical values shown 
in Figure 10, this collection device showed the largest value of CI at around ψ = 0.52. Therefore, the ψ of Runner D had a 
tendency to increase with the MEL031 blades. This is because the ψ value approaches that where the theoretical value of CI 
reaches a maximum and thus the decrease of K occurs in the high tip speed ratios (when the number of blades was reduced to two 
with the altered blade angle). Hence, it is a useful and relatively simple method for adjusting the loading coefficient and increasing 
the input power coefficient by changing the number of blades. 

The turbine efficiency η values for all cases studied are shown in Fig. 12. In addition, limiting streamlines on the suction 
surfaces of the blades are shown in Figs. 13–16. Here, L.E. refers to the leading edge and T.E. to the trailing edge. As shown in 
Fig. 12, the maximum values of η for the runners of composite bodies shift to the higher-tip-speed-ratio side compared with those 
for the single runners similarly to the CW data. As for Runners A and B, the maximum values of η for the composite bodies tended 
to slightly increase relative to those for the single runners. In contrast, for Runners C and D, the maximum values of η for the 
composite bodies tended to slightly decrease relative to the case of single runners. Comparing the maximum η of Runners A and B, 
the former showed a larger value for single runners, whereas the latter had a larger value for the composite bodies. Runner C 
(MEL031) always showed a maximum value of η larger than that of Runner B, whereas Runner D for which the blade angle was 
altered had the largest value overall when. 

In reference to Figures 13–16, although at λ = 6.5, the Runner A composite body at had a separation from the hub point to 
midpoint, it maintained a relatively good flow state from the midpoint to tip. In contrast, the Runner B composite body showed a 
major separation from the hub point to close to the tip because the attack angle became excessively large with increasing K. This 
separation area became slightly smaller at λ = 7.5, which represents the maximum efficiency of the Runner B composite body. 
Conversely, at λ = 6.5, the Runner C composite body had almost the same area of separation as the Runner A composite body. 
Thus, the reason the maximum efficiency of the Runner C composite body is higher than that of Runner A composite body, even 
though the separation areas of both composite bodies are almost the same, appears to be because the drag-lift ratio of MEL031 in 
the vicinity of the low Reynolds number (1 × 105) is lower than that of MEL021. In addition, the separation area of the Runner D 
composite body is reduced compared with that of Runner C, which appears to contribute to the high efficiency of the Runner D 
composite body. 

The maximum values of the input power coefficient of the composite bodies with two MEL031 blades and altered blade angle 
are equivalent to those of the composite bodies with two MEL021 blades. Hence, we can conclude that the composite bodies with 
two MEL031 blades and altered blade angle had the highest turbine efficiency and as a result the largest power coefficient. 
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(a) Runner A + C.D.                                  (b) Runner B + C.D. 
 
 
 
 
 
 
 
 
 
 
 

(c) Runner C + C.D.                                  (d) Runner D + C.D. 
Fig. 11 Static pressure distributions at λ = 6.5 (x-y section, θ* = 0) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12 Correlation between the tip speed ratio and the turbine efficiency 
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(a) λ=5.7 (b) λ=6.5 (c) λ=7.5 
Fig. 14 Limiting stream line on suction surface 

(Runner B + C.D.) 
Fig. 13 Limiting stream line on suction surface 

(Runner A + C.D.) 

(a) λ=5.7 (b) λ=6.5 (c) λ=7.5 

Fig. 16 Limiting stream line on suction surface 
(Runner D + C.D.) 

Fig. 15 Limiting stream line on suction surface 
(Runner C + C.D.) 
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4.3 Experimental Verification 
To verify the results of the numerical analysis of the hydraulic turbine, we performed a test in the canal in Tadamimachi in the 

Minamiaizu District of Fukushima prefecture [10]. For example, the prototype for Runner D composite body used in the 
verification test is shown in Figures 17. The prototype comprised the runner, the collection device and the generator. Two runners, 
A and D, were used. The specifications of two kinds of runners and collection device are generally the same as those previously 
described for the computational model. The waterway width of the open channel was about 1900 mm and the water depth was 
about 570 mm. The flow velocity of the open channel was measured with a propeller meter at 380 mm upstream of the hydraulic 
turbine, before the hydraulic turbine was placed. The average flow velocity calculated by a two-point method was 1.72 m/s. 

The actual value for the output power W obtained from the verification test is shown in Figure 18. It is shown together with the 
value of W calculated from CW of the composite body for v∞ = 1.72 m/s. However, the measured value of W is the value found by 
adding the actual inverter loss, power transmission loss, and generator loss, which are all measured beforehand, to the inverter 
output power. As can be seen from Fig. 18, the measured values are consistent with the calculations in terms of the tendency 
where the W of the Runner D composite body is larger than that of the Runner A composite body. The difference between the 
measurement and calculated values appears to be because the average flow velocity of the open-channel flow cannot be measured 
with high precision in the verification test. Moreover, it appears to be because the influence of the free surface and velocity 
distribution for the open-channel flow, and the form of the power transmission device are not taken into consideration in the 
numerical analysis. The maximum measured values of Runner A and Runner D composite bodies are 156.4 W at n = 496 min−1 
and 200.5 W at n = 583 min−1, respectively. Accordingly, the maximum W value of the Runner D composite body was about 1.28 
times larger than that of Runner A. 
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Fig. 17 Prototype model (Runner D + C.D.)              Fig. 18 Correlation between the rotational speed 
                           and the output power 

 

5. Conclusions 
In this study, with the aim to improving the performance of axial flow hydraulic turbine with a collection device, we 

examined through numerical analysis the performance and flow field of various single runners and composite bodies of runners 
with collection devices, where the airfoil and number of blades was also varied. 

(1) In the case of a single runner, the maximum power coefficient was larger for three blades than two blades and for MEL031 
airfoil compared with MEL021 airfoil. 

(2) The maximum values of input power coefficient of the Runner D composite body with two blades (which adopts the 
MEL031 airfoil and alters the blade angle) are equivalent to those of the composite body with two blades (MEL021 airfoil). We 
found that the Runner D composite body has the highest turbine efficiency and thus the largest power coefficient. 

(3) For the two blade runners with MEL031 airfoil, the input power coefficient increased for single runners, but rapidly 
decreases for composite bodies at the high-tip-speed-ratio region. This is because the loading coefficient rapidly increased at the 
high-tip-speed-ratio region; hence, the inlet velocity ratio decreased. 

(4) In a verification test using an open-channel water flow with an average flow speed of 1.72 m/s and water depth of 530 mm,  
the maximum output power of the Runner D composite body was 200.5 W at n = 583 min−1, which was 1.28 times higher than 
that of the Runner A composite body. 

We acknowledge that a part of the study has been subsidized by Program for Revitalization Promotion, JST (Potential Test 
Type α). We express our gratitude here. 
 

Nomenclature 
A 
CI 
CP 
Cpb 
Cpd 
 
CW 
f 
K 
n 
P 
Q 

Water-receiving area [m2]  
Input power coefficient  
Pressure coefficient  
Backpressure coefficient  
Diffuser pressure recovery coefficient 
 
Power coefficient  
Correction coefficient 
Inlet velocity ratio  
Rotational speed [min−1] 
Static pressure (gauge pressure) [Pa] 
Flow rate through the runner [m3/s]  

r 
v 
W 
η 
θ 
θ* 
λ 
ν 
ρ 
ψ 
ω 

Runner radius [m] 
Absolute velocity [m/s] 
Output power [W] 
Turbine efficiency  
Blade angle [°] 
Blade phase angle [°] 
Tip speed ratio  
Hub ratio  
Fluid density [kg/m3] 
Loading coefficient  
Rotational angular velocity [rad/s] 

Subscripts 
1 
2 
3 
a 

Just before the runner 
Just after the runner 
Collection device outlet 
Axial component 

h 
t 
∞ 
－ 

Hub 
Tip 
Infinite distance 
Average value for the flow rate 
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