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We previously devised a new type of portable hydraulic turbine that uses the kinetic energy of an open-channel 

flow to improve output power by catching and accelerating the flow. The turbine contains an axial flow runner 

with an appended collection device and a diffuser section that is not axisymmetric. The objective of this study is 

to determine how interference between the collection device and the runner influences performance characteris-

tics of the turbine. We investigated the performance characteristics of the turbine and flow field for different 

numbers of blades during both unsteady and steady flow. During an unsteady flow, the maximum values of power 

coefficients for three and two blades increased by approximately 8.8% and 21.4%, respectively, compared to 

those during a steady flow. For the three-blade runner, the power coefficient showed small fluctuations, but for 

the two-blade runner, the power coefficient showed large fluctuations. These fluctuations in the power coefficient 

are attributed to fluctuations in the loading coefficient, which were generated by interference between the runner 

and the diffuser section of the collection device. 
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Introduction 

Hydraulic turbines used for hydropower generation are 
broadly classified into those for pipe conduits[1] and those 
for open channels[2-4]. Turbines for pipe conduits store 
water in dams and water tanks, and move the water using 
the stored potential energy. Hence, the number of con-
struction sites with sufficient head of water and little im-
pact on the ecosystem is small. On the other hand, tur-
bines for open channels do not require ancillary facilities 
for water transmission, and it is possible to generate 
power with a small head of water. However, turbine rota-
tion speeds are low and the turbines themselves tend to 

be large, so available installation sites are limited. Re-
cently, despite the development of turbines that can gen-
erate power simply by being placed in the path of 
flow[5-7], the available turbine output power per unit wa-
ter-receiving area is inadequate. 

We have proposed a new type of hydraulic turbine that 
uses the kinetic energy of flow in open channels by ap-
plying the principle of a wind turbine with diffuser[8] with 
an attached brim[9]. To improve output power, the turbine 
contains an axial flow runner with an appended collec-
tion device that includes a diffuser section to accelerate 
the flow. Performance and flow fields for the runner, col-
lection device, and their composite body have been stu- 
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Nomenclature  

A water-receiving area (m2) 2
tr  λ tip speed ratio = rt/v∞ 

CI input power coefficient    3
1 2 ρ / 2P P Q Av  ν hub ratio = rh/rt 

CP pressure coefficient    2ρ / 2P P v    ρ fluid density (kg/m3) 

CW power coefficient  3ρ / 2W Av  ψ loading coefficient    2
1 2 1ρ / 2aP P v   

K inlet velocity ratio 1av v  ω rotational angular velocity (rad/s) 

n rotational speed (min-1) Subscripts 

P static pressure (gauge pressure) (Pa)  1 just before the runner 

Q flow rate through the runner (m3/s ) 1aAv  2 just after the runner 

r runner radius (m)  3 collection device outlet 

v absolute velocity (m/s) a axial component 

W output power (W) h hub 

Greek letters t tip 

η turbine efficiency =CW/CI ∞ infinite distance 

θ* blade phase angle (°)  － average value for the flow rate 

 
died during a steady flow[9-10]. The effectiveness of the 
design was verified[9-10], and the influence of the number 
of blades was determined[11]. However, in the collection 
device, the diffuser section is not axisymmetric; therefore, 
an unsteady flow is generated by interference between 
the runner and the collection device. This unsteady flow 
must be taken into account for more detailed perfor-
mance evaluations. 

The objective of this study is to determine the influ-
ence of interference between the collection device and 
the runner; the latter influences the performance charac-
teristics of an axial flow hydraulic turbine. We investi-
gated the performance characteristics of the turbine and 
the flow field for runners with different numbers of 
blades during an unsteady flow and compared the results 
with those obtained during a steady flow. 

Hydraulic Turbine Test Piece 

A schematic of the hydraulic turbine test piece is 
shown in Fig. 1, and the coordinate system adopted for 
the analysis is shown in Fig. 2. The turbine uses the prin-
ciples of the wind turbine with diffuser [8] with an at-
tached brim and comprises a collection device (C.D.) 
appended to an axial flow runner. The hydraulic turbine 
was designed for a flow speed v∞ of 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. 5 described 
below), θ* is defined to be 0°. 

 
 

Fig. 1  Hydraulic turbine 
 

 
 

Fig. 2  The definition of a coordinate system 
 

An overview of the collection device is shown in Fig. 
3. The collection device was composed of an inlet nozzle, 
a diffuser, and a brim. The total length was 1085 mm. 
Open and shallow water channels are constrained in the 
height direction. Accordingly, the type described here 
differs from conventional wind turbines[8, 12-14] and hy-
draulic turbines[15-18] in which the diffuser section of the 
collection device is constant vertically and varies hori-
zontally. 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 
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match the design water depth and the spread angle was 
8.1°. The brim section consisted of two brims mounted 
on the left and right sides of the outlet of the collection 
device. The length of each brim was 100 mm. 

Two types of runners were used in this study and are 
illustrated in Figs. 4(a) and 4(b). Runner A contained 
three blades that were designed based on the blade ele-
ment momentum theory[9-10]. To maximize the output 
power, the outer diameter of the runner was designed to 
approximately match the designed water depth. Empha-
sizing the importance of strength when water flow is 
considered, MEL021[19] was adopted for the airfoil of the 
blade, which has a maximum blade thickness relative to 
the chord length. The design angle of attack is 5°. Runner 
B was a two-blade runner that was simply designed 
based on the three blades of runner A. 

 

 
 

Fig. 3  Collection device 
 

 
 

Fig. 4  Runners 

Numerical Analysis 

The general-purpose thermal fluid analysis code ANSYS 
CFX15.0 was used in the numerical analyses. Three-   
dimensional steady and unsteady flow analyses were per-
formed for the composite body of the hydraulic turbine. 
The basic equations are the conservation of mass equa-
tion and the conservation of momentum equation, and the 
SST (Shear Stress Transport) model was used as the tur-
bulence model. The working fluid was water. The com-
putational model is shown in Fig. 5, and the total com-
putational region is shown in Fig. 6. The latter includes 
the composite body (the runner and collection device), 
the middle region, and the external region. To assess the 
potential performance of the calculation object, we as-
sumed that a uniform flow entered the extensive space 
(external region) in which the calculation object was 

placed. Obviously, the effect of free surface and velocity 
distribution in the open channel is not considered. The 
external region is cylindrical with a diameter 10 times the 
outer diameter of the runner. Moreover, the lengths up-
stream and downstream are 10 times and 15 times the 
length of the outer diameter of the runner, respectively, 
and are measured from the center of the runner. The total 
computational grid consisted of about 3.67 × 106 ele-
ments for runner A and about 3.33 × 106 elements for 
runner B. Both steady- and unsteady-analyses used the 
same number of elements. To investigate grid depen-
dence, the number of computational grids of the compo-
site body was increased by 1.5 times, and analysis was 
conducted at λ = 6.5.  

 

 
 

Fig. 5  Computational model 
 

 
 

Fig. 6  Computational domain 
 
Although the torque increased by only 5.1% from the 

result presented in this paper, the effect of computational 
grid number was comparatively small[10]. The boundary 
conditions were velocity v∞ of 1.5 m/s at infinite distance 
for the inlet boundary condition, the rotational speed for 
the runner, and a static pressure of 0 Pa for the outlet 
boundary. For wall surface boundaries, the outer peri-
phery of the external region was assigned as the slip con-
dition and the other wall surfaces as nonslip. The boun-
daries between the rotating and static systems were 
joined using the frozen rotor technique in steady analyses, 
and the transient rotor–stator[20] technique in unsteady 
analyses. In steady analyses, the blade phase angle θ* 
was fixed to 0°.  
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Results and Discussion 

Comparison of Performance Characteristics 

Correlations between the tip speed ratio λ and the 
power coefficient CW for runners A and B are shown in 
Fig. 7 for unsteady flow analysis. Here, the pressure and 
the wall shear stress acting on the blade surface were 
multiplied by the radius, and integrated to obtain the tor-
que. For runner A, the maximum value of CW was 0.527 
at λ = 6.5 in steady flow and 0.573 at λ = 6.5 in unsteady 
flow. For runner B, the maximum value of CW was 0.531 
at λ = 6.5 in steady flow and 0.645 at λ = 8.5 in unsteady 
flow. That is, in unsteady flow, the maximum values of 
CW for runners A and B increased by about 8.8% and 
21.4%, respectively, compared to the values in steady 
flow. The power coefficient CW at λ = 6.5 for runner B in 
unsteady flow also increased by approximately 13.2% 
compared to the value in steady flow. 

 

 
 

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

 
Comparing the two runners during an unsteady flow, 

the maximum value for runner B shifted to the high tip 
speed ratio side and thus improved by approximately 
12.4% compared to that for runner A. For λ = 6.5, the 
power coefficient CW for runner B increased by approx-
imately 4.9% compared to that for runner A. The tip 
speed ratio λ for which the power coefficient CW was a 
maximum for runner B during an unsteady flow differed 
from that during a steady flow. This suggests that runner 
B is more sensitive to an unsteady flow than runner A. To 
investigate sensitivity to an unsteady flow, we focus on 
the tip speed ratio λ = 6.5 that gave the maximum power 
for runner A. 

Fluctuations in the power coefficient CW at λ = 6.5 
over one rotation of each runner are shown in Fig. 8 for 
both unsteady and steady flows. During an unsteady flow, 
runner A had very small fluctuations in CW; the difference 

between the maximum and minimum values was about 
0.8%. In contrast, runner B during an unsteady flow had 
large fluctuations in CW; CW = 0.620 at θ* = 90° and CW 
= 0.619 at θ* = 270°, but CW = 0.580 at θ* = 0°, 180°, 
and 360°. Consequently, the power coefficient CW at θ* = 
90° was approximately 6.9% larger than CW at θ* = 0°. In 
next section, we discuss the power increase during an 
unsteady flow, the power improvement of runner B 
compared with that for runner A, and the fluctuations of 
runner B. 

 

 
 

Fig. 8  Power coefficient fluctuation at λ = 6.5 

Fluctuations in Various Characteristics and the Flow 
Field 

The power coefficient CW and the input power coeffi-
cient CI are obtained by the following equations[8], 

3ρ / 2
W I

W
C C

Av




                   (1) 

   1 2 3 2
3

1
ρ / 2

I

P P Q
C K

Av
 




            (2) 

where η is the turbine efficiency, v is the hub ratio, and ψ 
is the loading coefficient. 

 

 
 

Fig. 9  Input power coefficient fluctuation at λ = 6.5 
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Fig. 10  Turbine efficiency fluctuation at λ = 6.5 
 
Figures 9 and 10 show fluctuations in the input power 

coefficient CI at λ = 6.5 during one rotation of each run-
ner and fluctuations in turbine efficiency η during un- 
steady and steady flows, respectively. For runner A, fluc-
tuations in CI and η were negligible; the time average of 
CI during an unsteady flow was 0.8% larger than that 
during a steady flow. Thus, the increase in CW for an un-
steady flow, compared to that during a steady flow, ap-
pears to be caused by an increase in η. 

In contrast, for runner B, the values of the input power 
coefficient CI were relatively close at the blade positions 
of θ* = 0°, 180°, and 360° during both unsteady and 
steady flows. However, the input power coefficient CI 

was considerably larger at θ* = 90° and 270° during an 
unsteady flow. Specifically, the input power coefficient 
CI at θ* = 90° was approximately 8.3% larger than that at 
θ* = 0°. During an unsteady flow, the fluctuations in η 
were about 1.8% at the maximum, and they had an in-
verted phase relative to the fluctuations in CW and CI. For 
runner B, the fluctuation in CW apparently stems from 
that in CI. Time average values for CI and η during an 
unsteady flow increased by approximately 6.4% and 
6.4%, respectively, compared to those during a steady 
flow. This increase in CW is attributed not only to the in-
crease in η but also to the increase in CI; both contributed 
to the same extent. 

Comparing both runners during an unsteady flow, the 
time average values for CI and η for runner B improved 
by about 2.1% and 2.7%, respectively, when compared 
with those for runner A. Both factors contributed to the 
output power of runner B to the same extent. 

To further consider factors that contributed to the 
fluctuations in CI, fluctuations in the loading coefficient 
ψ and the inlet velocity ratio K are shown in Figs. 11 and 
12, respectively, for one rotation of each runner at λ = 6.5 
during both unsteady and steady flow. Figure 12 shows 
that fluctuations in K were negligible for both runners 
during an unsteady flow. However, time average values 
of K decreased by factors of 0.948 and 0.961 compared 

with the steady flow values, respectively; furthermore, 
the input power coefficients CI decreased in proportion to 
the third power of these ratios. Time–average values of ψ 
for runners A and B during an unsteady flow were about 
18.4% and 19.9% larger, respectively, than those during a 
steady flow. Accordingly, the increase in CI for runner B 
during an unsteady flow, compared to that during a 
steady flow, is attributed to the relatively large increase 
in ψ, compared to the influence of the decrease in K. 

 

 
 

Fig. 11  Loading coefficient fluctuation at λ = 6.5 
 

 
 

Fig. 12  Inlet velocity ratio fluctuation at λ = 6.5 

 
The comparison of runners A and B during an unstea-

dy flow reveals that the loading coefficient ψ for runner 
B was smaller than that for runner A; this was due to the 
smaller number of blades on runner B. Inversely, the inlet 
velocity ratio K for runner B was larger because it en-
countered less resistance than runner A. Therefore, this 
large inlet velocity of runner B contributes to the im-
provement in output power. 

Fluctuations in ψ for runner A during an unsteady flow 
were small; thus, the difference in the maximum and 
minimum values was approximately 0.4%. In contrast, 
for runner B, the fluctuations in ψ were large, and the 
loading coefficient ψ at θ* = 90° was approximately 
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8.3% larger than that at θ* = 0°. Therefore, fluctuations 
in the input power coefficient CI for runner B during an 
unsteady flow were caused by fluctuations in the loading 
coefficient ψ.  

For runner B during an unsteady flow, static pressure 
distributions of an x–z cross section at θ* = 0° and an x–y 
cross section at θ* = 90° at λ = 6.5 are shown in Figs. 
13(a) and 13(b), respectively. The x–z cross section at λ = 
6.5 for runner B during a steady flow is illustrated in Fig. 
14. Focusing on the results for unsteady flow, a 
low-pressure region in the x–y cross section at θ* = 90° 
immediately behind the blades increased relative to that 
of the x–z cross section at θ* = 0°. This apparently means 
that the low-pressure region immediately behind the 
blades expanded due to a diffuser effect because the tips 
of the blades were located in the diffuser section of the 
collection device at θ* = 90°. This expansion of the 
low-pressure region contributed to the increase in ψ, the-
reby being a factor that caused fluctuations in ψ to de-
pend on the position of the blades. Moreover, comparing 
the unsteady and steady flow results for the x–z cross 
section at θ* = 0°, the low-pressure region immediately 
behind the blades was considerably reduced in steady 
flow. This suggests a reduction in interference between 
the runner and the collection device. For this reason, the 
loading coefficient ψ during a steady flow became ex-
tremely small, caused the increase in ψ during an un-
steady flow, and eventually influenced the increase in the 
input power coefficient CI. 

Conclusions 

We have investigated performance characteristics and 
flow fields of an axial flow hydraulic turbine with ap-
pended collection devices. The effects of two types of 
blades were studied during both unsteady and steady 
flows. Our results can be summarized as follows. 

(1) The maximum output power coefficients for 
three-blade and two-blade runners during unsteady flow 
increased by about 8.8% and 21.4%, respectively, com-
pared with those during steady flow. For the three-blade 
runner, the increase in output power coefficient was at-
tributed to an increase in turbine efficiency. For the two-   
blade runner, increases in both turbine efficiency and 
input power coefficient contributed to the increase in the 
output power coefficient.  

(2) For the two-blade runner, the loading coefficient 
was smaller than that for three blades, but the inlet veloc-
ity ratio for the two-blade runner was larger. This larger 
inlet velocity improved not only the input power coeffi-
cient but also turbine efficiency, so the power coefficient 
for the two-blade runner improved compared with that 
for the three-blade runner.  

(3) Fluctuations in the power coefficient for the 

three-blade runner were very small. The power coeffi-
cient for the two-blade runner showed large fluctuations, 
with small values at blade phase angles θ* = 0°, 180°, 
and 360°, and large values at θ* = 90° and 270°. 

 

 
 

Fig. 13  Static pressure distributions of Runner B at λ = 6.5 
(Unsteady) 

 
 

Fig. 14  Static pressure distribution of Runner B at λ = 6.5 
(Steady, x-z section, θ* = 0) 

  
 (4) Fluctuations in the power coefficient for the two-  

blade runner were caused by fluctuations in the loading 
coefficient. These fluctuations in the loading coefficient 
stem from interference between the runner and the col-
lection device, which had a diffuser section that was not 
axisymmetric. 
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