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This study is concerned with the feasibility of power generation using a pico-hydraulic turbine from sew-
age flowing in pipes. First, the sewage flow rate at two connection points to the Toyogawa River-Basin
Sewerage, Japan, was explored for over a year to elucidate the hydraulic energy potential of the sewage.
Second, the performance of the pico-hydraulic turbine was investigated via laboratory experiments that

supposed the turbine to be installed in the sewage pipe at the connection points. This study indicates
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that the connection points have hydraulic potential that can be used for power generation throughout
the year. It also demonstrates that the pico-hydraulic turbine can be usefully employed for power gen-

eration from sewage flowing in the pipe at the connection points.
© 2016 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sewage is composed of rainwater and water discharged into
sewers by humans and production activities. The sewer system
contains wastewater and human waste from houses, offices, and
factories. In Japan, the volume of sewage in fiscal year (FY) 2011
was about 1.45 x 10'° m? [1]. Thus, sewage is considered to have
a huge energy potential. The extent of biogas power generation
from sewage sludge and of hydraulic power generation from sew-
age are estimated to be 3.6 x 10° kW-h-a™ and 4 x 10’ kW-h-a™’,
respectively, and sewage heat is evaluated to be 7800 Gcal-h™
(1 Geal-h™ = 1.163 MW) [2]. The Japanese government aims to
utilize sewage as an energy resource. However, the rate of utiliza-
tion remains extremely low; the energy utilization rate of sewage
sludge is approximately 13%, the number of sewage heat supply
facilities is 14, and the number of small-hydraulic power plants is
13 [2].

Sewage facilities comprise drainage facilities such as sewage
pipes, treatment facilities such as treatment plants, and comple-
mentary facilities such as pump stations. The abovementioned
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estimation of the hydraulic energy potential seems to be restrict-
ed to the treated water discharged from treatment facilities. In
Japan, the total length of sewage pipes in FY 2012 was approxi-
mately 4.5 x 10° km [1], equivalent to about 11 laps of the Earth’s
equator. This is slightly longer than the combined length of irri-
gation channels of 4 x 10° km [3]. Therefore, it is presumed that
hydraulic energy potential is dispersed in sewage pipes around
the country. Consequently, the utilization of sewage flowing in
drainage facilities (sewage pipes) for power generation promises
to realize small-scale distributed power generation, which could
contribute to the local production of electric power for local con-
sumption. However, such sewage power generation has never
been conducted, and the hydraulic energy potential in the drain-
age facilities has not yet been investigated.

In Japan, hydropower is also receiving much attention because
it is a promising renewable energy resource that is largely unaf-
fected by the weather. As large-scale hydroelectric plants having
outputs of more than 100 MW require huge dams and long con-
duits, few locations for such plants remain undeveloped. Thus,
there is an increasing desire to realize micro-scale hydraulic power
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generation with an output of less than 100 kW. Such power
generation can utilize small-scale hydropower, which is widely
distributed in small rivers and irrigation canals in Japan. Conse-
quently, several small-scale hydraulic turbines have been devel-
oped [4-9]. Such micro-hydraulic turbines are frequently blocked
with foreign matter such as fallen leaves, twigs, and refuse, and
they occasionally lose their function. A filter installed upstream
of the micro-hydraulic turbine can remove the foreign matter.
However, such equipment increases the operation cost of micro-
hydraulic turbines. We are engaged in the development of a pico-
hydraulic turbine with excellent performance in the passage of
foreign matter [10,11]. The runner has a circular hollow around
the central axis so that foreign matter can pass through the run-
ner. The efficiency and foreign matter passage performance of
this hollow pico-hydraulic turbine are being studied through lab-
oratory experiments and demonstration experiments in a small
river. Sewage contains hair and vegetable waste from home bath-
rooms and kitchens, as well as human waste. To successfully
generate power from sewage, it is essential that the hydraulic
turbine is not blocked by foreign matter. Therefore, the hollow
pico-hydraulic turbine we are developing promises to be effective
for sewage power generation applications.

The objective of this study is to search for possible hydraulic
power generation from the sewage flowing in pipes. First, the
present study focuses on the Toyogawa River-Basin Sewerage [12]
in Aichi Prefecture, which is located in the central region of Japan.
It explores the sewage flow rate at the two connection points
over the course of a year to clarify the hydraulic energy potential
of the sewage. Second, this study investigates the efficiency and
foreign matter passage performance of the hollow pico-hydraulic
turbine in laboratory experiments that suppose the turbine to be
installed in the sewage pipe at the connection points.

2. Flow duration and hydraulic potential of Toyogawa
River-Basin Sewerage

2.1. Outline of Toyogawa River-Basin Sewerage

The Toyogawa River-Basin Sewerage treats the sewage from
four cities (Toyohashi, Toyokawa, Gamagori, and Shinshiro) in the
eastern region of Aichi Prefecture, Japan [12]. The total sewerage
area is about 46 km?, the population is about 200 000, and the
treatment capacity is 1.04 x 10> m*>d™" (as of April 1, 2015). The
Toyogawa River-Basin Sewerage has four trunk lines: the Toyo-
hashi, Tobu, Seibu, and Mito. The total length is about 36 km. The
sewage treated in the Toyogawa wastewater treatment plant is
discharged into Mikawa Bay. Fig. 1 shows the positional relations
between the trunk lines, the wastewater treatment plant, and Mi-
kawa Bay.

The Toyogawa River-Basin Sewerage is connected with public
sewerage systems managed by the four cities. The connected part
is called the connection point. The Toyogawa River-Basin Sewer-
age has 27 connection points. Fig. 1 uses circular symbols to de-
pict the connection points to the Toyogawa River-Basin Sewerage.
At the connection points, the sewage pipe is an open channel, and
the sewage flow rate is measured throughout the year. This study
investigates the flow rate at two connection points, Toyohashi 1
and Tobu 11-2, to search for possible hydraulic power generation
from the sewage. Fig. 2 shows a photograph of the sewage pipe
and sewage at the connection point Toyohashi 1.

2.2. Flow duration at connection points

When constructing a hydraulic power plant, the daily mean
water flow rate is measured in advance at the construction site
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Fig. 2. Sewage pipe and sewage at the connection point Toyohashi 1.

over the course of a year to accurately estimate the power out-
put. By arranging the daily mean water flow rates in descending
order, a flow duration curve is constructed. Fig. 3 shows the flow
duration curves at the connection points Toyohashi 1 and Tobu
11-2 in FY 2013. In a flow duration curve, the 95th, 185th, 275th,
and 355th largest flow rates are called high water discharge, or-
dinary water discharge, low water discharge, and droughty water
discharge, respectively. In Fig. 3, such flow rates are denoted by
0,, 0,5, 05, and Q,, respectively, and they are listed in Table 1. At
the connection points Toyohashi 1 and Tobu 11-2, the ratios of
the difference in the high and low water discharges (O, -0s) to
the ordinary water discharge O,, (Q,-0;)/0., are 0.138 and 0.093,
respectively, demonstrating that the yearly flow rate variation is
low. This is also confirmed by the fact that the gradient of the du-
ration curve at Q, is shallow.

Fig. 4 shows the sewage flow rate at the connection point
Toyohashi 1, where the mean, minimum, and maximum flow
rates for every month of the year are indicated. The mean and
minimum values are almost the same, and they are nearly equal
to the ordinary water discharge O,. However, the maximum flow
rate for every month is much larger than the mean, except in
July, November, December, and January. The yearly change is also
larger than the mean and minimum flow rates. As the Toyogawa
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Fig. 3. Flow duration at the connection points in FY 2013. (a) Toyohashi 1; (b) Tobu

11-2.

Table 1

(b)

Sewage flow rates at Toyohashi 1 and Tobu 11-2.

Toyohashi 1 (m*s™) Tobu 11-2 (m*s™)
High water discharge O, 0.172 0.145
Ordinary water discharge O, 0.159 0.140
Low water discharge O, 0.150 0.132
Droughty water discharge O, 0.135 0.120

River-Basin Sewerage is a separated sewer system, only the sew-
age should flow in the sewage pipe; however, so-called “uncer-
tain water,” such as rainwater, is also considered to flow with the
sewage in the pipe. The top column of Fig. 4 shows the monthly
precipitation in the city of Toyohashi. The distance between the
observation point and the connection point, Toyohashi 1, is about
7 km. In the months when precipitation is high, the sewage flow
rate is also high. This trend is most marked in September and
October. The reason that the maximum sewage flow rate is much
higher than the mean, and fluctuates markedly, is that rainwater
also flows in the sewage pipe.

Fig. 5 shows the change in the sewage flow rate at the connec-
tion point Tobu 11-2, alongside the monthly precipitation in the
city of Toyohashi. The mean and minimum flow rates are almost
the same, but the maximum flow rate is much higher in August,
September, and October. This may also be caused by rainwater
flowing in the sewage pipe.

The maximum monthly sewage flow rate reaches a maximum
value in September, as shown in Fig. 4 and Fig. 5. Fig. 6 shows the
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Fig. 4. Monthly sewage flow rate and precipitation at the connection point Toyo-
hashi 1.
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Fig. 5. Monthly sewage flow rate and precipitation at the connection point Tobu
11-2.

daily mean flow rate at the connection points Toyohashi 1 and
Tobu 11-2 in September. On September 16, when the daily precip-
itation was 120 mm, the daily mean sewage flow rate reached its
maximum value; this observation further confirms that rainwater
increases the sewage flow rate.

2.3. Hydraulic potential at connection points

The hydraulic potential of fluid flowing with velocity «, that is,
P, is expressed as

1 2
Pegpon (1)

where, p is the fluid density and QO is the flow rate.

The diameter of the sewage pipe at the connection point Toyo-
hashi 1 is 1000 mm. The sewage does not always flow across the
whole cross-section of the pipe; rather, it flows along the bottom
of the pipe, as shown in Fig. 2. If the sewage is assumed to occu-
py 10% of the cross-sectional area of the pipe, the velocity « can
be calculated from the flow rate Q. When u is calculated at the
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ordinary water discharge O,, which is 0.159 m®s™, the output P is
estimated to be 328 W based on Eq. (1), where the density of wa-
ter is used for p. Applying a similar calculation to the connection
point Tobu 11-2 yields an output P of 222 W.

The abovementioned hydraulic potential P can be converted
to electric power by a generator driven by a hydraulic turbine.
Considering the efficiencies of the generator and the hydraulic
turbine, the electric power is evaluated to be 0.2P. The electric
power at the connection points Toyohashi 1 and Tobu 11-2 is
66 W and 44 W, respectively. These values are assumed to remain
unchanged throughout the year, because the change in the sew-
age flow rate is small, as demonstrated in Fig. 3. The power con-
sumption of a ventilating fan with a diameter of around 250 mm
is about 25 W, and that of an LED light bulb whose luminance is
equivalent to a fluorescent lamp of 60 W is about 10 W. Thus, the
electric power generated from the sewage can be used for venti-
lation and illumination at the connection points.

3. Hollow pico-hydraulic turbine

A hydraulic turbine is needed to convert the hydraulic poten-
tial at the connection points Toyohashi 1 and Tobu 11-2 into elec-
tric power. The sewage contains hair and vegetable waste from
home bathrooms and kitchens, as well as human waste. There-
fore, hydraulic turbines that will not be blocked by such foreign
matter are urgently needed.

Micro-hydraulic turbines, which can be installed in small
rivers and irrigation canals for power generation, are frequently
blocked by foreign matter, such as fallen leaves, twigs, and refuse.
As such blockage causes a reduction in turbine performance, the
development of a micro-hydraulic turbine with excellent foreign
matter passage performance is desired. We are engaged in the de-
velopment of a pico-hydraulic turbine [10,11], in which the run-
ner has a circular hollow around the central axis so that foreign
matter can pass through without blocking the hydraulic turbine.
This hollow pico-hydraulic turbine is considered to be useful for
power generation from sewage. This study explores its applicabil-
ity by means of laboratory experiments.

Fig. 7 shows the cross-section of the hollow pico-hydraulic
turbine. A circular pipe (hatched with red in the diagram) is in-
serted between two stationary pipes, with their axes on a line.
The inserted pipe is supported by two bearings; thus, the pipe
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Fig. 6. Daily mean flow rate and precipitation at the connection points Toyohashi 1
and Tobu 11-2 in September.

can rotate around the central axis. A runner (shown in blue in
the diagram) is embedded within the inserted (rotational) pipe.
When water flows in the pipe, the runner and the pipe rotate in-
tegrally around the axis. The inner diameter of the stationary and
rotational pipes is 80 mm, and the axial length of the rotational
pipe is 195 mm. A guide vane (shown in green) is mounted at the
end of the stationary pipe, just upstream of the rotational pipe.

Fig. 8 shows an example of the runner. It has four blades, and
a circular hollow is provided around the rotating (central) axis so
that foreign matter included in the water can pass through the
runner. The ratio of the hollow diameter D, to the pipe diameter
D,, which is 80 mm, is defined as the hollow ratio ¢ = D,/D,. The ¢
value for the runner shown in Fig. 8 is 0.375.

The runner is composed of a flat plate cascade. Fig. 9 shows
the 2D development view, and Table 2 lists the specifications of
the blade. The width B is 23 mm, the thickness 7 is 5 mm, and the
inlet and outlet angles, o, and a,, respectively, are 70°. This study
conducts pioneering experiments to explore the foreign matter
passage performance of a pico-hydraulic turbine. Since the runner
is preliminarily designed in this study, the specifications could be
modified to improve the performance.

Fig. 10 shows an example of the guide vane. A hollow is also
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Fig. 7. Cross-section of the hollow pico-hydraulic turbine.

Fig. 8. Runner with ¢ = 0.375.
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Fig. 9. 2D development view of runner blade.
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provided around the central axis. The diameter is the same as that
of the runner.

Fig. 11 presents a 3D cut model of the hollow pico-hydraulic
turbine. The runner rotates with the outer pipe around the axis.
The rotational motion is transmitted to a generator or a torque
meter through a belt.

4. Laboratory experiment with hollow pico-hydraulic turbine
4.1. Experimental method and conditions

To investigate the performance of the pico-hydraulic turbine,
laboratory experiments were conducted using the closed-loop
test rig shown in Fig. 12. Water in the tank is circulated by a
pump and the circulated water drives the pico-hydraulic turbine.
The pipes upstream and downstream of the pico-hydraulic tur-
bine are made of transparent acrylic resin so that the behavior of
foreign matter entrained in the loop can be observed. The pres-
sures are measured at two points, 320 mm upstream and 183 mm
downstream of the pico-hydraulic turbine. The water flow rate
is measured by a propeller-type flowmeter mounted in a bypass
pipe upstream of the pico-hydraulic turbine. To detect the tur-

Table 2
Blade specifications.
Value
Blade width B 23 mm
Blade thickness ¢ 5mm
Inlet angle o, 70°
Outlet angle a, 70°
Number of blades 4
Water
»
Fig. 10. Guide vane with ¢ = 0.25.
Stationary pipe Rotaional pipe

Stationary pipe

»

Guide vane -3

—

Fig. 11. 3D cut model of the hollow pico-hydraulic turbine.

bine output, the torque is measured with a torque meter driven
by the turbine. The rotational speed of the turbine, which is also
measured by the torque meter, is controlled by a powder brake
connected to the torque meter.

The efficiency of the pico-hydraulic turbine, 7, is defined as

n=TollO(F - P)] @)

where, 7 is the torque; o is the angular velocity; Q is the flow
rate; and P, and P, are the pressures upstream and downstream
of the turbine, respectively.

Fig. 13 shows the runners employed in this study. Runner 1
was used in prior experiments [10,11]. Runner 2 is a revised run-
ner; the blade leading edge is rounded so that it does not hook
foreign matter, and the radius is 15 mm.

Fig. 14 shows the guide vanes used in this experiment. Guide
vane 1, which has eight blades, was employed in prior experi-
ments [10,11]. Guide vane 2 has eight tapered blades with a taper
angle of 30°. Guide vane 3 has the same blades as Guide vane 1,
but the number of blades is reduced to four.

This study investigates the turbine performance for four com-
binations of runners and guide vanes, as listed in Table 3. The wa-
ter flow rate Q0 is 0.01 m*s™.

To investigate the performance of the pico-hydraulic turbine
when installed in a sewage pipe under laboratory conditions, the
foreign matter contained in sewage should be replaced with mat-
ter that is easily handled in the laboratory. The mass of solid mat-
ter included in 1 m® of domestic wastewater is estimated to be
0.2 kg, and 97% of human waste is considered to be moisture;
thus, sewage is regarded as being almost all water. As the hair
and fiber waste contained in sewage discharged from houses do
not easily decompose, they flow down the sewage pipes. There is

Water tank

%

Pressure sensor fw - m

(a) (b)
Fig. 13. (a) Runner 1; (b) Runner 2. (D; = 80 mm, ¢ = 0.25)
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(c)
Fig. 14. (a) Guide vane 1; (b) Guide vane 2; (c) Guide vane 3. (D, = 80 mm, ¢ = 0.25)

Table 3

Combinations of runners and guide vanes.
Case 1 Case 2 Case 3 Case 4
Runner 1 Runner 1 Runner 1 Runner 2
Guide vane 1 Guide vane 2 Guide vane 3 Guide vane 3

concern that the pico-hydraulic turbine will be readily blocked by
hair and waste. Therefore, this laboratory experiment used poly-
ester fibers to simulate foreign matter in the sewage pipe. The
fibers are shown in Fig. 15. The diameter and mass of each spher-
ically shaped fiber were about 20 mm and 0.2 g, respectively. The
fibers were released into the water from the outlet pipe of the
tank, which was located upstream of the pico-hydraulic turbine.
The time interval between the releases was 3 min.

4.2. Efficiency of the pico-hydraulic turbine under fiber-free
conditions

First, the efficiency of the pico-hydraulic turbine, », was ex-
plored without releasing the polyester fibers into the water. We
investigated » for Case 1 in previous studies [10,11]. Fig. 16 shows
the effect of the hollow ratio ¢ on the relation between ; and the
rotational speed N for Case 1. The experimental data for each hol-
low ratio are composed of three measurements. When the runner
has no hollow (¢ = 0), the maximum value of 7, #,., is 0.186, and
the N value at 7.y iS Npax = 496 r-min”". For the runner with ¢ =
0.25, 7max and N, are slightly reduced, but the reductions are not
significant. When the hollow ratio ¢ is further increased to 0.375
and 0.5, 77, is greatly reduced, and a marked reduction of N,,,,
also occurs. This is because the area of the blade is decreased,;
accordingly, the energy of the water is not fully transferred to
the pico-hydraulic turbine. On the basis of the abovementioned
results, the performance of the pico-hydraulic turbine having the
runner with ¢ = 0.25 was explored for Cases 2, 3, and 4, because
the performance deterioration due to the hollow was not very
significant.

Fig. 17 compares the pico-hydraulic turbine efficiencies for Cases
1, 2, 3, and 4, where the hollow ratio ¢ is 0.25 and the polyester
fibers are not released into the water. The value of # for Case 1

Fig. 15. Polyester fibers.
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Fig. 16. Dependence of turbine efficiency on hollow ratio under fiber-free condi-
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Fig. 17. Turbine efficiency under fiber-free conditions when ¢ = 0.25.

is the highest. For Case 2, employing a guide vane with tapered
blades (Guide vane 2) reduces 5. This is because the area of the
blades is smaller than that of the guide vane used for Case 1, and
accordingly the water is not fully straightened. The value of ; for
Case 3 is lower than that for Case 2. Although the runner in Case 3
is the same as that for Cases 1 and 2, the guide vane (Guide vane 3)
only has four blades. Therefore, the water flow upstream of the
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runner is not fully straightened. The value of  for Case 4 is the
lowest; although the guide vane is the same as that in Case 3,
the runner (Runner 2) has blades whose leading edge is rounded
with the » = 15 mm; in addition, the blades are smaller than those
of Runner 1. Such a reduction of blade area also deteriorates the
turbine performance.

4.3. Change in efficiency due to entrained fibers

Fig. 18 shows the relation between the pico-hydraulic turbine
efficiency # and the mass of the fibers m, released into the wa-
ter. The fibers are released at the rotational speed N, where
n reaches the maximum value 7,,., under fiber-free conditions.
Thus, » at m;= 0 g corresponds to 7, The released fibers cause
n to decrease. The value of 5 for Case 2, employing the tapered
guide vane, is higher than that for Case 1 at m; > 1.5 g. This is
because the attachment of the fibers to the guide vane is sup-
pressed, as mentioned later. Comparing the efficiencies for Cases
3 and 4, 5 for Case 4, employing the runner with the rounded
blades, is higher than that for Case 3 at m, > 1.8 g. The attachment
of the fibers to the runner is also suppressed, as discussed later.

Fig. 19 compares the efficiencies for Cases 1, 2, and 3, where
n is normalized by #,... The ratio 7/n,.x for Case 1 is almost the
same as that for Case 3, but #/7,,., for Case 2 is higher. The guide
vane (Guide vane 2) employed for Case 2 is considered to have
excellent fiber passage performance.
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Fig. 18. Change in turbine efficiency due to entrained fibers.
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Fig. 19. Change in turbine normalized efficiency due to entrained fibers for Cases 1,
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Fig. 20 shows photographs of the guide vanes after the experi-
ments for Cases 1, 2, and 3. The fibers are attached to the leading
edge for Case 1, and the inlet is partially blocked by the fibers
for Case 3. In contrast, fibers are barely observed for Case 2. The
masses of fibers attached to the guide vane for Cases 1, 2, and 3
are 0.312 g, 0.027 g, and 0.170 g, respectively. The tapered guide
vane (Guide vane 2) is superior in its suppression of the attach-
ment of the fibers.

Fig. 21 compares the efficiencies for Cases 3 and 4; Guide vane 3
is employed in both cases. The decrement in #/7,,., for Case 4 is
smaller than that for Case 3, and it is considered that the runner
(Runner 2) with rounded blades has excellent fiber passage per-
formance.

Fig. 22 shows photographs of the runners after the exper-
iments for Cases 3 and 4. In Case 3, fibers are attached to the
leading edge of the blades. This is because the leading edge has
a sharpened end and, therefore, hooks the fibers. For Case 4, no
fibers are present. The masses of the fibers attached to the runner

Guide vane 3

Guide vane 2

Guide vane 1

Case 2 Case 3

Case 1

Fig. 20. Photographs of guide vanes for Cases 1, 2, and 3.
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Fig. 21. Change in turbine normalized efficiency due to entrained fibers for Cases
3and 4.
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Fig. 22. Photographs of runners for Cases 3 and 4.
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Fig. 23. Install of pico-hydraulic turbine in sewage pipe at connection point.

for Cases 3 and 4 are 0.06 g and 0 g, respectively. It is found that
the employment of rounded blades (Runner 2) is very useful in
improving the passage performance of the fibers.

The pico-hydraulic turbine can be installed in a sewage pipe at
the connection point, as outlined in Fig. 23. It is designed so as to
be suspended by a crane, because it is important to facilitate its
maintenance.

5. Conclusions

To search for possible pico-hydraulic power generation from
sewage in pipes, the flow durations at two connection points of
the Toyogawa River-Basin Sewerage were investigated, and the
hydraulic potential of the sewage was estimated. The investiga-
tion indicates that the connection points Toyohashi 1 and Tobu
11-2 have hydraulic potential, which can be used for power gen-
eration throughout the year.

The efficiency and foreign matter passage performance of the
hollow pico-hydraulic turbine were explored through laboratory
experiments that supposed the pico-hydraulic turbine to be in-
stalled in the sewage pipe at the connection points. The explora-
tion makes it clear that a runner with rounded blades and guide
vanes with tapered blades can suppress the attachment of fibers
to the pico-hydraulic turbine and, therefore, improve turbine effi-
ciency. Consequently, it was found that the hollow pico-hydraulic
turbine could be employed for power generation from sewage
flowing in pipes.
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