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Abstract: The induction faucet has been widely used in public due to its advantages of convenience,
sanitation, water, and electricity saving. To solve the problem of environmental pollution caused
by dry batteries used in induction faucets, a suitable micro pipe mixed-flow turbine installed in a
tap-water system with only 15 mm in diameter, that uses the pipeline water pressure to generate
electricity for the induction faucet was designed and developed, based on computational fluid
dynamics (CFD) and model tests. According to the specific speed, a preliminary design of each
flow component of the turbine was first produced. Then, using the multi-objective orthogonal
optimization method, the optimum test schemes were determined, and the influence of various
test factors on the turbine’s hydraulic performance was revealed. Under the design flow rate, the
turbine’s power output and efficiency were 6.40 W and 87.13%, respectively, which were 34.45% and
4.99% higher than those of the preliminary scheme. Both the power output and efficiency of the
optimized turbine met the design requirements. Numerical and model test results showed good
agreement, where the deviation in turbine power output predictions was below 5% under large
flow condition. Model test results also showed that the turbine can be started as long as the inlet
flow is greater than 0.14 kg/s. Overall, the micro-pipe turbine designed in this paper exploits the
(mostly wasted) water kinetic energy in induction faucets for power production, contributing to
environmental pollution reduction and realizing energy conservation.

Keywords: tap-water pipeline; micro-pipe turbine; selection design; multi-objective optimization;
orthogonal test; model test

1. Introduction

Water is essential for life and plays an irreplaceable role in the human production and
proper functioning of the Earth’s ecosystems [1]. Water quality and quantity are major
environmental problems, and important factors affecting human health and safety [2]. With
the current global progress in science and technology there has been an improvement in
people’s awareness of energy conservation and environmental protection and the induction
faucet has been become widely used in various public places. This has come as a result of
several advantages being linked to its use, such as convenience, sanitation, and water and
electricity saving. However, many sensors in the induction faucet have relied on battery
power supply due to the fact that their locations make it hard to connect to local utility
grid power [3]. Generally speaking, the batteries in an induction faucet need to be replaced
every two to three months. Extensive use of an induction faucet will require a large number
of batteries, which will cause pollution to the environment and soil if the batteries are not
properly handled [2,4]. However, the environmental pollution from batteries usage can
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be solved by changing the power supply mode of sensors in the induction faucet, which
would make the induction faucet more energy-saving and environmentally friendly.

Therefore, this has become the main challenge for many researchers. McNabola
et al. [5] indicated that water supply is a core service on which civilized society depends,
and which involves considerable energy consumption and economic cost. They showed
that a break pressure tank installed in water supply networks to resolve the high flow
pressure provides the opportunity to recover energy from networks through a hydropower
turbine system. Moreover, they proved that the above approach showed preliminary
technical and economic feasibility, so as to minimize energy consumption. Eventually,
more and more investigators turned their attention to the utilization of micro-hydropower
in water systems to take advantage of the excess energy in the pipelines. In a recently
conducted study [6], a micro-pipe turbine (MPT) installed in a tap-water pipeline was grad-
ually developed and utilized. Its working principle is as follows: this micro-pipe turbine is
designed to be driven by water kinetic energy, where, through the connecting shaft, the
MPT drives the generator to produce usable electrical power. Then the generator charges
the battery of the sensor after sending out an AC electric signal, thus providing power for
the detection equipment of the water supply pipeline (WSP). Finally, the conversion of
fluid kinetic energy, mechanical energy, and electric energy is realized. The entire MPT
system is closed in a rectangular box, only leaving out the inlet and outlet pipes. The
box is fully installed in the tap-water pipeline connected to the induction tap, and the
bottom of the box is fixed to the wall or floor. The water flows through the MPT to drive
the generator, and the electrical energy is stored in the rechargeable battery to realize the
constant power supply for the induction faucet. In the production process of the MPT, the
engineering plastic polyamide material would be selected for its advantages such as the
low cost, long service life, small volume, and light weight. 3D printing technology has been
used to manufacture MPT, which is convenient and cost-effective. The excellent features
of this MPT system are, among others, the associated convenient installation, small size,
simple production process, stable power supply, long service life and replacement cycles,
environment-friendliness, and energy conservation ability.

Some investigations have been done to study the hydro energy harvest in the water
pipelines, and several attempts have been made to select or design proper turbines [7,8].
For example, Du et al. [9] investigated the impact of the runner inlet arc angle on the per-
formance of an inline cross-flow turbine in urban water mains. Sinagra et al. [10] suggested
a cross-flow with positive outlet pressure (a power recovery system), which could provide
potential energy consumption service with additional significant hydropower production.
Generally, in line with the placement mode of the main shaft, micro hydro turbines can
be divided into horizontal axis and vertical axis types, which are derived from the wind
turbines [11]. Sakti et al. [12] studied a horizontal-axis type in-pipe hydro-turbine by using
the SolidWorks simulation method, where the best combination of deflector design and
blade curvature angle was realized. Li et al. [13] designed an ultra-low head turbine, which
was similar to a marine and hydrokinetics turbine, but their research focus was on the
performance of composite runner blades. Several mini bulb propeller turbines which also
can be installed inside water pipelines have been developed [14]. Ferro et al. [15] designed
the rotor blades of a mini hydraulic turbine using a quasi-three-dimensional method and
the results validated the design hypothesis of small flow velocity through the rotor. Samora
et al. [16] optimized and tested a new five-blade tubular propeller turbine with an 85 mm
diameter for pipe inline installation. Study results showed that this turbine has potential
for further development since the efficiencies were around 60%. Compared to the hori-
zontal axis type, vertical axis type of pipeline turbines have attracted more attention due
to linked advantages of flow direction holding, simple structure, small space, and easy
installation. Chen et al. [3] developed a novel vertical-axis water turbine for hydropower
harness inside water pipelines and found that the rotor with a hollow structure combined
with an eye-shaped slanted block in a pipeline could achieve the maximum power as
compared with other types of vertical-axis rotors. The vertical-axis-type micro-turbines
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mainly consist of two sub-types. One is the lift-type and the other is the drag-type. The
lift type hydro turbine, also known as the Darrieus type, was developed for big water
pipelines (pipe diameters larger than 25 inch) by Lucid Energy [17]. Langroudi et al. [18]
conducted new spherical lift-based in-pipe turbine modelling and parameterization re-
search, and the power coefficient, the probability of cavitation, and the pressure coefficient
obtained by using a reasonable numerical methods were validated with some experiments.
Oladosu et al. [19] generated a pipeline lift-based spherical turbine with NACA 0020 airfoil
cross-section, which showed appropriate energy extraction in water distribution pipelines
with diameters of 250 mm. Though this lift-type MPT exhibits good energy performance
after reasonable design, the start-up performance is still a big problem due to the dynam-
ically stalled blade characteristics [20,21]. The drag-type turbine, sometimes named the
Savonius turbine, has also been successfully developed and utilized on different occasions.
Payambarpour et al. [22,23] performed a parametric study on a 3D modified Savonius
turbine with a deflector in a 100 mm water pipe by using both experimental and numerical
methods, where they found that the relationship between the flow rate and aspect ratio
depended on the blockage coefficient. Chen et al. [24] designed a drag-type vertical-axis
hydro-turbine for pico-hydropower in water pipelines and conducted an optimization
study based on previous design scheme. The proposed turbine showed good performance
at the velocity rage from 1.5 m/s to 3.5 m/s and the rotating speed range from 100 rpm
to 1000 rpm. Yang et al. [25] compared the start-up hydraulic performances of a lift-type
and a drag-type hydro-turbine. The results showed that the lift-type turbine gives better
hydraulic characteristics in terms of tip speed ratio and power coefficient than those of the
drag-type turbine, while the drag-type turbine displays better start-up performance than
the lift-type.

Compared to other turbines, energy recovery from water supply systems using pumps
as turbines (PATs) presents many advantages such as the marketable availability, low
investment cost, and easy installation and maintenance. This has increasingly attracted the
attention from many field players and researchers, where PATs have been considered to be
an effective way to generate power in water pipelines. Different studies have been carried
out to verify the feasibility of PAT technology in water pipelines, using computational fluid
dynamics (CFD) techniques [26–28]. Fontana et al. [29] investigated the water distribution
system in one district of Naples (Italy) to assess the hydropower generation potential
using the PATs, where it was found that the PATs could achieve a good balance between
hydropower recovery and head reduction. Du et al. [30] numerically and experimentally
studied the performance of a PAT, which was selected through the application of empirical
equations, based on the given working conditions in one typical high-rise building. The
results verified that the PATs are a good way for avoiding excessive water-head reduction
at higher flow rates. Kramer et al. [31] investigated a PAT device both in the laboratory
and in the field to improve the economic profitability of energy recovery plants at low
installed capacities (around 15 kW). Buono et al. [32] used 3D CFD modeling methodology
to study a PAT installed in a hydraulic urban network. The maximum efficiency was found
to be 66.3%. De Marchis et al. [33] developed a hydrodynamic model of a PAT, which
was applied in the Palermo district network (Italy). Their analysis indicated that a really
attractive capital payback period could be achieved if PATs are installed in the pipes located
close the water supply node. Pérez-Sánchez et al. [34] defined a new approach to estimating
the PAT best efficiency point and predicting its energy performance curve, the accuracy of
which was verified using an experimental database. However, due to the fixed geometrical
characteristics and inner flow space, the PAT performance in terms of head reduction
was easily affected by the variation of flow discharge. To solve this problem, Carravetta
et al. [35] designed a PAT installation scheme, which ensured that PAT operating conditions
stayed around their best efficiency point, where at the same time, PAT’s water pressure
reduction task was effectively performed. For PATs, the fundamental blade design only
considers its pump mode of operation (normal hydraulic pump operation). Therefore, PAT
flow dynamics under reverse operating mode do not conform to the conventional turbine
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design concept. Meanwhile, due to PAT’s lack of guide vanes (GV), it is difficult to form an
appropriate in-flow velocity at the runner inlet, resulting in a relatively low efficiency.

Due to their comparatively big sizes, existing MPT designs don’t fit the power gen-
eration task within micro-pipes (pipe diameter less than 15 mm) with very small flows.
Moreover, their operational efficiency has been less than 65% for most of the so-far-tested
pipe turbines, which indicates the associated low extraction rate of water-contained energy
within water pipelines. In this paper, a high-efficiency and stable mixed-flow turbine
was applied to a micro tap-water-pipe power generation system that was only 15 mm in
diameter. This turbine uses the water pressure in the WSP to kick off its rotational motion,
and generates the electrical power to feed the induction faucet batteries. The main goal
of this study was to design and develop an efficient micro turbine that specifically met
two performance requirements, namely low-flow-rates start-up and having enough output
power. To this end, the design process is shown in Figure 1 and the structure of the paper
is as follows: In Section 1, which is the introductory section, the research background to the
present study is discussed. In Section 2, the preliminary design of the MPT is explained.
Then the hydraulic design and optimization of the concerned turbine, based on orthogonal
optimization method and numerical simulation, are discussed in Section 3. In the same
section, these methods are verified through experimental testing. Finally, Section 4 contains
the study’s main concluding remarks.
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2. Preliminary Design of the MPT
2.1. Determination of Basic Parameters
2.1.1. Design Head

The pressure at the end of the urban water supply network is 0.14 Mpa, that is, the
water head is 14 m according to the requirements of the national water supply pressure
service code of China. However, the kinetic hydraulic power inside WSP is mainly used
to drive the water flow, and only superfluous head or small part of water energy can be
used by turbines to generate electricity. Considering the pressure loss of water flow in the
pipeline, the head is taken as 3 m.

2.1.2. Design Discharge

On the basis of the actual specification and size of the WSP, the diameter of the four-
branch pipe is 15 mm, and the flow rate is set at 1.5 m/s [36], so the discharge Q can be
calculated by the following equation:

Q =
π

4
d2ρu (1)

where d is the pipe diameter, ρ is the water flow density (1000 kg/m3), and u is the water
flow velocity. Based on the known conditions, the design flow rate can be calculated as
0.265 kg/s.

2.1.3. Design Power Output

In order to offer continuous and stable power for the monitoring system in induction
faucet, a rechargeable storage battery is installed between the control circuit and the
induction faucet. The electric energy emitted by the generator first charges the battery, and
then the battery supplies power to the induction faucet, since the power consumption of
the induction faucet is less than 6 W.

2.1.4. Design Rotational Speed

The operating voltage of the rechargeable battery is 4 V, and the output current of the
generator needs to reach 1.5 A in order to meet the power supply requirements. Due to the
small size of the MPT and the high speed rotation driven by the water flow, a micro-sized
high-speed generator independently developed by a company in Zhejiang Province, China
was adopted. When the speed of the generator is 3500 r/min, the output current is 1.5 A.
Thus, the design speed of the MPT is 3500 r/min.

2.2. Determination of Turbine Type

The specific speed ns is an important characteristic parameter of water turbine classifi-
cation, and its definition can be expressed as follows [37]:

ns =
n
√

P
H5/4 (2)

where n, P, and H are the rotational speed, power output, and water head of the MPT, respectively.
According to the above basic design parameters of MPT, the calculated specific speed

is about 50 m·kW, which is a low specific speed. Generally, micro hydro turbines can be
classified into two general types based on their working principle: (1) impulse turbines used
for high heads of water and low flow rates and (2) reaction turbines normally employed
for heads below about 450 m and moderate or high flow rates. Meanwhile, according
to the different types of reaction turbine applicable speed range, the Francis turbine was
selected. Finite element studies have been widely used in structural analysis [38–40].
Many studies show that Francis turbines not only perform well, but also have a stable and
reliable structure [41,42]. Moreover, the flow in WSPs is usually unstable, so the energy
performance of axial flow hydraulic machinery is obviously affected by the tip leakage
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flow [43], and the mixed flow structure has better stability. A Francis turbine consists of
spiral casing, water guiding mechanism, runner, and draft tube.

2.3. Initial Modelling

For initial models (Figure 2), the diameter of runner was 30 mm, a curved-shape
upper crown and lower ring were adopted, the number of runner blades was preliminarily
selected as 13, and the blade thickness was 1mm. The distribution circular diameter of GV
was 33 mm, the number of GV was temporarily 12, and negative curvature blade profile
was initially chosen. The volute form employed a combination of circular and elliptical
sections with an wrap angle of 345◦. The draft tube adopted a straight, tapered shape
with a cone angle of 12◦ and the length and outlet diameter of draft tube outlet were both
15 mm, which was limited by the diameter of the tap-water pipeline.
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2.4. Numerical Simulation of the Initial MPT
2.4.1. Governing Equations

The water flow in the WTP is an incompressible viscous and turbulent fluid, so the
continuity and the quasi-steady-state Reynolds-Averaged Navier–Stokes equations can be
expressed as follows [44]:

∂ui
∂xi

= 0 (3)

ρuj
∂

∂xj
(ui) = ρFi −

∂p
∂xi

+ µ
∂2ui

∂xj∂xj
(4)

where ui and uj are the velocity components in different direction, i, j = 1,2,3, and to simplify
the equation form, Einstein summation convention were used for the subscript i and j; xi
and xj are the Cartesian coordinate components, i, j = 1,2,3; ρ is the density of fluid, Fi is
the mass force, p is the pressure, and µ is kinematic viscosity.

The finite volume method was adopted to discretize the controlling system of equa-
tions [45]. The Menter’s shear stress transport k − ω turbulence model was chosen to close
the governing equations due to its effective prediction for cases involving flow separation
under adverse pressure gradient conditions [46,47]. To obtain an accurate calculation,
the second-order center-difference scheme for the pressure term was employed and the
second-order upwind scheme and implicit solution were applied for momentum item,
turbulent dissipation rate, and turbulent kinetic energy. The semi-implicit method for
pressure-linked equations-consistent method was adopted for the coupling of velocity and
pressure of turbulent flow.

2.4.2. Grid Partition and Boundary Condition

The CFD calculation domain consists of six parts: the inlet passage, the guide vanes,
the spiral casing, the runner, the draft tube, and the outlet passage. The grid partition
method was applied for grid generation, and the interfaces were defined to connect different
parts. Generally, the quality and quantity of the grid have a major impact on the accuracy
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of numerical simulation results [48]. The ANSYS-ICEM meshing software is used to
generate the grid. Considering the complexity of turbine’s geometry, the unstructured
mesh was generated throughout the whole MPT model due to its superiority in terms
of fast-generation speed and good adaptability for most complex structures [49]. The
local mesh-refinement method was adopted for runner and the guide vanes, and the fluid
regions were directly divided in volume grids.

In this paper, 10 layers of grids were defined in the boundary layer around the guide
vanes and runner blades wall to reduce the y+ value near the wall region, and finally
the y+ region was 8~60, since the main concern of this research was the turbine’s power
output. In order to reduce the influence of grid number on the simulation results, five grid
schemes were tested (Table 1). From the table, when the grid number of the whole model
came to 4.0 × 106 (S3), the relative variation ratio of turbine’s efficiency was no more than
0.1%. After weighing computing resources and grid computing accuracy, the grid-division
S4 was chosen, where the total grid number of flow components was 4.7 × 106, and the
minimum quality was no less than 0.3.

Table 1. Mesh independency verification.

Scheme Grid Number (106) Efficiency (%)

S1 2.8 81.64
S2 3.5 81.88
S3 4.0 82.97
S4 4.7 82.99
S5 5.3 83.01

In addition, the mass flow inlet with a value of Q = 0.265 kg/s was chosen as the
inlet and the pressure outlet was applied to outlet for MPT. The interfaces were used for
information transmission between the calculation areas. The runner zone was simulated
by the moving reference frames method with the rotational speed of 3500 r/min. A no-slip
boundary condition was imposed to the solid walls, and standard wall functions used for
the near-wall region [42]. The convergence criteria of the residuals at each iteration were
below a typical criterion of 10−5.

2.4.3. CFD Results of the Initial MPT

Table 2 shows the calculation results of the initial MPT model. The power output and
efficiency of the initial MPT model were 4.76 W and 82.99%, respectively, which were close
to the design requirements but did not yet meet them. So optimization should be carried
out to reach the design goal, where the power output of 6 W and an 85% efficiency are
the target.

Table 2. CFD results of the initial MPT model.

Parameters Value

Head/m 2.22
Runner torque/N·m 0.013

Power output/W 4.76
Efficiency/% 82.99

Hydraulic loss of spiral casing/m 0.064
Hydraulic loss of guide vanes/m 0.128
Hydraulic loss of draft tube/m 0.037

3. Hydraulic Performance Improvement of the MPT
3.1. Orthogonal Experiment Design

The orthogonal experiment is also known as a multi-factor preferred design. When
there are multiple investigated factors and multiple values for each parameter, the or-
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thogonal experiment method is very suitable for exploring the influence among the fac-
tors. Through comprehensive design, integrated comparison, and statistical analysis, this
method can give out better results. Due to the characteristics of balance and dispersion by
balanced sampling in the range of factors for the orthogonal table, each test scheme has
strong representative, so the tests can achieve the purpose of the experiment. Based on the
structural parameters discussed above, the orthogonal experiment method was adopted
to analyze the influence of the parameters on the WPT’s hydraulic performance and to
explore the best combination of them by extremum difference analysis.

The purpose of the orthogonal experiment was to improve the power output P and
efficiency η of the MPT, so the power output and efficiency were selected as the test
evaluation index. Blade number zb (factor A), guide vane profile G (factor B), guide vane
number zg (factor C), and guide vane opening (GVO) α (factor D) were selected for the
orthogonal experimental study, and three levels were taken for each factor. The three
levels of the blade numbers were 11, 13, and 15, respectively. The three levels of the
guide vane type were negative curvature profile (B1), symmetric curvature profile (B2),
and positive curvature profile (B3). The three levels of guide vane number were 12, 14,
and 16, respectively. And the three levels of guide vane opening were 23◦, 25◦, and 27◦,
respectively. The factors and levels are shown in Table 3.

Table 3. Factors and levels of orthogonal experiment design.

Factors
Levels of Factor (t)

r = 1 r = 2 r = 3

A zb 11 13 15
B G B1 B2 B3
C zg 12 14 16
D α 23◦ 25◦ 27◦

The orthogonal layout is represented by Ll(tc). In this layout, L stands for orthogonal
layout, l is the number of experiments, t is the level of factor, and c is the number of
columns (the maximum factors). So the orthogonal experiment design adopted a L9(34)
layout (Table 4) in this study. The L9(34) design was carried out pursuant to the orthogonal
principal in order to examine the influences of the four factors on the power output and
efficiency at the design condition of the MPT.

Table 4. L9(34) orthogonal experiment schemes.

Trail No.
Parameter Combination Indicators

A (zb) B (G) C (zg) D (α) P (W) η (%)

1 11 B1 12 23◦ 4.32 77.99
2 11 B2 14 25◦ 4.70 79.29
3 11 B3 16 27◦ 5.81 76.93
4 13 B1 14 27◦ 4.42 82.89
5 13 B2 16 23◦ 7.76 84.79
6 13 B3 12 25◦ 3.98 76.00
7 15 B1 16 25◦ 6.40 87.13
8 15 B2 12 27◦ 4.02 82.38
9 15 B3 14 23◦ 5.11 74.54

According to the table, only trail No. 5 and 7 achieved the required power output at
the design discharge point. Therefore, the superior scheme was as follows: the optimal
scheme in terms of power output was trail No. 5 (A2B2C3D1, named Scheme (a)) and the
optimal scheme in terms of efficiency was trail No. 7 (A3B1C3D2, named Scheme (b)).
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3.2. Extremum Difference Analysis

The extremum difference value (R) can represent the level of a factor’s influence on
the indicators. The larger the R value, the greater the influence a certain factor imposes on
the indicator. The analysis of extremum difference requires the Kr and Kravg values. These
can be defined as follows:

Kr =
m

∑
k=1

Yk (5)

Kravg =
1
m

Kr (6)

where r is the number of levels, m is total test times for each level, Kr is the sum of test
results when number of the level is r, Yk is the kth index value, and Kravg is the arithmetic
mean value of Kr.

The analysis of different R values is displayed in Tables 5 and 6. According to the
table, the impact of each factor level on the two test indicators can be obtained.

Table 5. Extremum difference analysis of test results for MPT’s power output P (W).

Parameter A (zb) B (G) C (zg) D (α/◦)

K1 14.83 15.14 12.32 17.19
K2 16.16 16.48 14.23 15.08
K3 15.53 14.90 19.97 14.25

K1avg 4.94 5.05 4.11 5.73
K2avg 5.39 5.49 4.74 5.03
K3avg 5.18 4.97 6.66 4.75

R 0.45 0.52 2.55 0.98

Table 6. Extremum difference analysis of test results for MPT’s efficiency η (%).

Parameter A (zb) B (G) C (zg) D (α/◦)

K1 234.21 248.01 236.37 237.32
K2 243.68 246.46 236.72 242.42
K3 244.05 227.47 248.85 242.20

K1avg 78.07 82.67 78.79 79.11
K2avg 81.23 82.15 78.91 80.81
K3avg 81.35 75.82 82.95 80.73

R 3.28 6.85 4.16 1.70

Based on the extremum difference analysis, the influence degree of each factor on the
two evaluation indicators was different. To intuitively demonstrate the influence of each
factor on the evaluation index, we took the factors as the horizontal coordinate and each
evaluation index as the vertical coordinate, and the horizontal index relationship is shown
in Figure 3.

With the increase of zb, the power output first increased and then decreased, the
efficiency continuously rose to a certain value then slowed down. On one hand, as the zb
increased, the extrusion effect of the blades on the water flow increased, causing the climb
of the head and the turbine’s power output. On the other hand, after zb increased, the
total area of the blade increased, and the pressure difference between the front and back of
the blade decreased, resulting in the drop of turbine’s power output. The common action
between the blades’ extrusion effect on the water flow and the blades’ surface pressure
difference affected the power output and efficiency of the turbine.
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Figure 3. Relationship between levels of each factor and evaluation indicators, (a) output index and
(b) efficiency index.

In terms of the guide vane profile (factor B), the positive curvature guide vane had
the minimum power output and efficiency, so this type is not suitable for this MPT. The
symmetrical guide vane had the largest power output because of large volume, which
enhanced the extrusion effect on the water flow, leading to large head and power output.
The negative curve guide vane had the highest efficiency and a higher utilization rate of
water flow energy.

As zg increased, both the MPT’s efficiency and the power output increased. The
increase of zg within a certain range was conducive to guiding the water flow into the
rotating runner and forming a certain circulation amount, which then improved the MPT’s
power output and efficiency.

With the increase of α, the power output continuously decreased, and the efficiency
increased first and then decreased. At the same flow rate condition, the water head rose
and the power output dropped after the α rose. The excessively small or large GVO led
to a large angle of attack at the inlet of the guide vane, resulting in flow separation and
greater hydraulic loss. The large GVO did not allow the water flowing through the guide
mechanism to form circulation before the runner, reducing the power output and efficiency
of the MPT. Therefore, the proper GVO should be determined in the design of the turbine
to improve the power output and efficiency.

From the extremum difference analysis, the superior test scheme of power output and
efficiency index were A2B2C3D1 (named Scheme (c)) and A3B1C3D2 (named Scheme (d)),
respectively. According to the calculation of extremum difference value R, the significant
order of four test factors on the test index was: C > D > B > A for power output and
B > C > A > D for efficiency.

3.3. Optimized Scheme Determination

The two evaluation indicators of this orthogonal test are of the equal importance.
According to the test schemes (a) and (b) obtained from the intuitive analysis above and
the test schemes (c) and (d) obtained from the extremum difference analysis of each index,
the comprehensive frequency analysis of the corresponding levels of the four factors A, B,
C and D was carried out, as shown in Table 7.

Table 7. Factors A, B, C, and D correspond to different horizontal frequency tables.

Factor
Level A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3

Frequency 0 0.5 0.5 0.5 0.5 0 0 0 1 0.5 0.5 0
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From Table 6, both schemes A2B2C3D1 and A3B1C3D2 were superior according to
the integrated frequency analysis method. However, the calculated water head of scheme
A2B2C3D1 was 3.52 m, while the calculated head of scheme A3B1C3D2 was 2.85 m, which
was closer to the design water head of 3m. Furthermore, the efficiency of scheme A3B1C3D2
was the highest when the power output reached 6 W, so the optimal test scheme was initially
determined to be A3B1C3D2. The results of the orthogonal experiment showed that the
ideal design model was as follows: the number of runner blades zb = 15, the guide vane
type is negative curvature profile, the number of guide vanes zg = 16, and the GVO α = 25◦.
After CFD verification, the MPT’s power output and efficiency at design condition were
6.4 W and 87.13%, respectively.

3.4. Analysis of the Optimized Scheme

To verify the optimization results, the average internal flow streamlines in the guide
vane and runner zone were extracted at the design discharge, as shown in Figure 4. The
streamlines in the blade channel at the three spans all presented some obvious vortices on
the front and back of the blades, resulting in disorderly flow pattern and large hydraulic
loss before optimization. The vortex in blade channel of the optimized model is significantly
reduced, and only small vortices appear on the back of the individual blades. The velocity
distribution is relatively uniform, and the streamlines are overall smooth and the flow
pattern is good. After optimization, the flow velocity on blades increased.
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after optimization.

Figure 5 presents the pressure contour of the blade surface under design flow rate.
The blade surface pressure decreases uniformly along the inlet edge to the outlet edge
of the blade, and there are obvious negative pressure areas near the lower ring of the
blade. Obviously, the negative pressure zone on the optimized blade surface is significantly
reduced (Figure 5b). Local high pressure appears at the back surface of the blade before
the optimization, while the high pressure area basically disappeared after optimization.
Moreover, the pressure difference on the two sides of the blade increases significantly after
optimization, which improves the working capacity of the blade and the power output of
the MPT, so the optimization effect is better.
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4. Experimental Validation and Analysis
4.1. Test Bench Set-Up

The model MPT was made according to the 1:1 model scale (Figure 6), in order to
reduce the difficulty of production and financial cost. The spiral casing and draft tube were
made of engineering plastic polyamide material and produced by 3D printing technology.
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The MPT experimental test was carried out on a flow test machine, which was inde-
pendently developed by a company in Zhejiang province, China (Figure 7). The spiral
casing inlet was installed at the water pipe outlet on the test bench, and the inlet flow
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value was input through the flow test machine. After the test instrument was started,
the multimeter was used to measure the current and calculate the power. The measuring
current range of the multimeter was 2 mA–20 mA–200 mA–20 A, and the measurement
accuracy was ±1.8%.
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4.2. Analysis of the Experimental Results

Table 8 shows the results of comparison between numerical simulation results and
experimental test results. During the test, the power output of the turbine under different
flow conditions was measured by changing the input flow value of the flow tester. Since the
flow velocity in the tap-water pipeline is generally 1~3 m/s, the measured flow velocities
in the experiment were 1 m/s, 1.5 m/s, 2 m/s, 2.5 m/s, and 3 m/s, and the corresponding
inlet mass flow rates were 0.177 kg/s, 0.265 kg/s, 0.353 kg/s, 0.442 kg/s, and 0.53 kg/s,
respectively. With the experimental results of the flow rate of 0.8 m/s (0.14 kg/s), the
MPT could still start, but the power output was only 0.44 W. Multiple experimental results
showed that the turbine could start when the inlet flow was greater than 0.14 kg/s.
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Table 8. Comparison of numerical simulation results and experimental results under different
working conditions.

Working Condition Q (kg/s)
P (W)

Error (%)
Num. Exp.

1 0.177 2.37 2.14 9.7
2 0.265 6.40 6.04 5.6
3 0.353 12.56 11.89 5.3
4 0.442 20.91 19.95 4.6
5 0.530 31.09 29.86 4.0

According to Table 8, the power output measured by the model test was lower than
the obtained value through numerical simulation. The main reason for this is that the
index measured in the experiments was the actual power of the MPT after the generator
conversion, while the one obtained through numerical simulation was the power output of
the MPT without considering the generator conversion. Also, the MPT model made during
the experiment used a plastic material inducing friction between the runner and the runner
chamber, and this was not considered in numerical simulation. Moreover, the size of MPT
was very small, and the blade and guide vane actually made for model testing deviated
from the numerical simulation. There were also some measurement errors, especially
when measuring the current with an electric meter. In addition, under the small flow rate
condition, the flow pattern was poor, which led to large fluctuations of measured values.
This also considerably contributed to the appearance of large errors between the test and
numerical predictions. Overall, the error value was within 10% under low flow conditions,
while it reduced to within 5% under large flow conditions. The generated power met the
design target under design flow conditions.

5. Conclusions

In this study, an MPT used to generate electric power for induction faucet sensors
within a 15 mm pipeline was developed. The fundamentally expected MPT performance
characteristics were the power output larger than 6 W when the pipe water velocity is
1.5 m/s and the turbine efficiency of no less than 85%. The initial design was done by using
the 3D CFD method, where multi-objective optimization through orthogonal experiments
was later applied to improve its hydraulic performance. Finally, the optimized version of
the MPT model was experimentally tested.

After simulating and comparing a variety of schemes, the optimal MPT was achieved
with the output power of 6.40 W at the design flow rate, representing an increase of 34.45%
as compared to the preliminary design scheme. In the same respect, the optimal efficiency
was 87.13%, representing an increase of 4.99% as compared to the preliminary design
scheme. The feasibility of combining the numerical simulation technology and compre-
hensive frequency analysis method through the multi-objective orthogonal optimization
test for MPT studies, has been verified. For the optimized turbine model, the inter-blade
vortex and negative pressure area on the blade surface were significantly reduced, and the
high-pressure area on the back of the blade basically disappeared, which improved the
power capacity of the blades, collectively leading to the improved MPT power output and
efficiency. A good and effective optimization was therefore achieved.

According to the model test results, the MPT-generated energy reached 6 W at the
design flow rate, which meets the design requirements. The numerical simulation error as
compared to test data was within 10%. Under large flow conditions, the error was around
5%, indicating that numerical simulation outcomes can offer a good guidance for micro
turbine design even though the difference between the simulation and experimental results
is fairly large. The experimental measurement showed that the MPT can start when the
inlet flow rate is greater than 0.14 kg/s.

So far, the literature on the application of mixed-flow turbines for energy generation
task within water supply pipelines with extra-small diameters (less than 15 mm) is still
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limited. This study creatively applies the mixed flow water turbine to the micro tap-water
pipeline, changing the induction faucet power supply system from the battery-dependent
one to a hydropower-fed one. This technology not only gives a long-term solution to energy
saving issues within these systems, but also contributes to the environmental pollution
control by eliminating the usage of batteries. The kind of MPT design presented in this
article pays more attention to the turbine’s efficiency and ensures that the output power
meets the power requirements of induction faucet sensors.

Future studies could also consider runner blade profile and the frame line of flow
components, which may also have a large impact on the machine performance. In the
future, more factors can be selected to explore a more complete and faster optimization
method, so as to more comprehensively reflect the impact of various design parameters on
the turbine performance. Furthermore, a WPT for smaller discharge can be designed to
achieve the power demand when the flow velocity in the pipeline is less than 1.5 m/s.
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Nomenclature
CFD Computational fluid dynamics
GV Guide vane
GVO Guide vane opening
MPT Micro-pipe turbine
WSP Water supply pipeline
c Number of columns
d Pipe diameter
Fi Mass force
H Water head
Kr Sum of test results when number of the level is R
Kravg Arithmetic mean value of Kr
l Number of experiments
m The total test times of each level
n Rotational speed
ns Specific speed
P Power output
p Pressure
Q Discharge
R Extremum difference value
r Number of levels
t The level of factor
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Yk The kth index value
u Water flow velocity
ui Velocity component in i direction
uj Velocity component in j direction
zb Blade number
zg Guide vane number
ρ Water flow density
µ Kinematic viscosity
η Efficiency
α Guide vane opening
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