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Abstract: The purpose of this research is to study the effect of different immersed depths on water
wheel performance and flow characteristics using numerical simulations. The results indicate that
the simulation methods are consistent with experiments with a maximum error less than 5%. Under
the same rotational speeds, the efficiency is much higher and the fluctuation amplitude of the torque
is much smaller as the immersed radius ratio increases, and until an immersed radius ratio of 82.76%,
the wheel shows the best performance, achieving a maximum efficiency of 18.05% at a tip-speed ratio
(TSR) of 0.1984. The average difference in water level increases as the immersed radius ratio increases
until 82.76%. The water area is much wider and the water volume fraction shows more intense
change at the inlet stage at a deep immersed depth. At an immersed radius ratio of 82.76%, some air
intrudes into the water at the inlet stage, coupled with a dramatic change in the water volume fraction
that would make the flow more complex. Furthermore, eddies are found to gradually generate in a
single flow channel nearly at the same time, except for an immersed depth of 1.2 m. However, eddies
generate in two flow channels and can develop initial vortexes earlier than other cases because of the
elevation of the upstream water level at an immersed radius ratio of 82.76%.
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1. Introduction

Renewable energy gradually attracts people’s attention owing to the fact that there are huge
demands for energy and an over reliance on conventional fossil fuels [1]. Hydropower resources are
valued by all over the world for its clean, renewable and abundant characteristics [2,3]. To make
full use of hydropower, different hydro turbines are generally chosen according to different heads.
Meanwhile, hydraulic constructions are needed, such as pressured conduits, dams, reservoirs and so
on [4,5]. So, they always need much time and huge investments. In recent years, low and ultra-low
head-generating devices are increasingly popular as a number of large scale and capacity hydropower
stations have been constructed [6,7]; it would be an effective way to use a water wheel to generate
electricity in low and ultra-low head resources, such as open channels, streams and so on.

A traditional water wheel is known as a power source for grinding grains in watermills rather
than electricity production [8]. It is generally believed to be a romantic but inefficient hydraulic
machine today [9]. According to the characteristics of different waterwheels, the four main kinds
of water wheel models are overshot, breast-shot, undershot and stream [9–11]. The stream wheel
mainly uses kinetic energy, and the others mainly make use of potential energy. The overshot water
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wheel, which is recognized as the most effective traditional water wheel, is suitable for high heads.
The water flows into cells at the top of the water wheel. The breast-shot water wheel, regarded as
less effective than the overshot water wheel, is mainly applied in smaller heads than the overshot
waterwheel. The water passes the water wheel approximately at the level of the axle. The undershot
water wheel is suitable for very low heads. The water passes wheels under the axle of the waterwheel.
The stream water wheel can be referred to as a substitutable waterwheel with only employing kinetic
energy. Both the undershot and stream water wheel have been much less researched because of their
worse performance.

However, with development of CFD (Computational Fluid Dynamics) and urgent demands for
exploitation of ultra-low water resources, many researchers began to focus on those water wheels that
are suitable for open channels, tidal current and rivers. Several experiments and numerical simulations
were carried out to characterize the performance of water wheels. Emanuele Quaranta et al. [11–17]
mainly researched the performance of breast-shot and overshot water wheels coupled with different
blade shapes, inflow configurations and numbers of blades through simulations and experiments,
and analyzed the reasons of efficiency loss for overshot and breast-shot water wheels theoretically;
the results showed an optimized shape had a more complicated design and those water wheels with
48 blades showed much higher efficiency than others. Furthermore, 48-blade wheels could also
produce low turbulence intensity to make less of an effect on flow field. Moreover, the equations about
the optimal number of blades were generalized based on the hydraulic and geometric conditions.
For improving the performance of an undershot water wheel, the different blade shapes were studied;
three different blade shapes (triangular, propeller and curved) were researched through experiments
by Lie Jasa et al. [18]. The results indicated that a triangular blade shape performed at the highest
efficiency, but it was seriously affected by install location. Yasuyuki Nishi et al. [19] carried out an
experiment for two different runners with no bottom plate and those equipped with a bottom plate.
The results showed that runners with no bottom plate had a better performance at high speeds because
of receiving twice the amount of flow; meanwhile, no air bubbles were carried into the gap between the
runners. In addition, Manh Hung Nguyen et al. [20] compared the different performances with three
blade shapes (straight, curved and the similar to Zuppinger type) through numerical experiments for
stream wheels. The study demonstrated that straight blades with a simple construction had a better
efficiency; in addition, the same conclusions were made by Emanuele Quaranta et al. [15]. To better
characterize the stability and flow characteristics for water wheels with different numbers of blades,
Nguyen Manh Hung et al. [21] discussed fluctuation of water-level differences between upstream and
downstream areas and the output for different numbers of wheels; it was found that the six-blade
wheels generated a greater torque and the water-level difference would be elevated remarkably as the
number of blades increased. Many other studies had also been researched for breast and undershot
water wheels through experiments and simulations [22–29]. However, those researches cannot have a
generalized conclusion; water wheels still need to be developed for improving their performances.
In addition, an experimental study on the effect of channel width on water wheel performance was
conducted by Shakun Paudel et al. [30]. The results demonstrated that reducing channel width
upstream could remarkably improve output and efficiency, because it reduced turbulent loss and
created supercritical flows downstream. Similar experiments were conducted by Ilaria Butera et al. [31];
for a better performance, they suggested that the minimum distance between the canal wall and the
side of the wheel should be 0.3 times the width of the wheel. Experiments and numerical simulations
were also contributed to study the environmental effects for floating and stream water wheels [32–36],
which demonstrated that a trailing vortex may generate local erosion, but environmental effects may
be minimal. In addition, Emanuele Quaranta [37] presented the guidelines for a stream water wheel.
There were also some special turbines that were put forward for exploiting low and ultra-low resources.
The savonius vertical turbine was brought up to extract energy from low current speeds in rivers and
tidal currents. The savonius turbine mainly was applied in wind energy primitively; it is considered
to be an effective hydro turbine for low heads because of the low cost and maintenance. Recently,



Water 2020, 12, 982 3 of 17

researchers developed numerical analyses and experiments to improve the performance of the savonius
vertical turbine [38–43]. It was found that the numbers of blades and the twist angle had a significant
effect on the turbine’s performance; however, it still need to further its design to make it commercially
work. In numerical simulations, the different turbulence models are adapted to different kinds of
flow for improving accuracy. Dendy Adanta et al. [44] assessed the different turbulence models for
numerical into water wheels through experiments; it was found the SST k-ωwas recommended for
breast-shot water wheels, but it did not constitute a final conclusion. Above all, those researches
played an important role in exploiting low head resources and improving water wheel performance.
However, some design parameters still were considered empirical [32,45–50]; lots of research still
need to be done. Nowadays most of the water wheels that are designed and constructed still rely on
experiences; furthermore, performance and flow characteristics are still unclear and have not been
brought into consideration at different immersed depths; therefore, clearing the flow characteristics
and improving knowledge of the performance of water wheels at different immersed depths have
remarkable significance for further commercial work.

So, this paper is concentrated on studying the different immersed depth effects on performance
and flow characteristics through numerical simulations. This research conducted the experiments at
an immersed depth of 0.8 m based on a real-size model. The optimal immersed depth is identified.
The results are expected to enhance the design and knowledge for stream water wheels.

2. Numerical Simulation Method

2.1. Simulation Model

The real-size stream water wheel is an 8-blade wheel of a straight-type considered a simple
manufacture; diagonal blades will be designed for a better performance in the next researches. The flow
depth is 2.2 m, the distance is 13 m from gate to the center of water wheels and the distance B between
the side walls is 11.4 m. In order to make full use of kinetic energy, the water wheel is designed with
wheel breadth b of 11.0 m, outer diameter D of 2.9 m, hub diameter d of 0.16 m and side clearance of
0.2 m. The 3D model of the water wheel was established using Unigraphics NX, mainly including the
rational domain and flow domain. To ensure a fully developed water flow, the rotation domain is at
the center of the flow domain with a length L of 16.35D (40 m) and height H of 2.37D (7.0 m) [15,23,51]
through verifications.

2.2. Grid Division and Sensitivity Analysis

The grids play an important role in numerical simulation and are a representation of geometry.
They also have a significant effect on the accuracy and efficiency of the numerical simulation. The hybrid
grid is applied in this research with an unstructured tetrahedral mesh in the flow domain and hexahedral
mesh in the rotational domain, generated by ICEM CFD. Figure 1 shows the geometric model and
grids in the wheel domain.

For evaluating the performance of the water wheels at different rational speeds, the “tip-speed
ratio” (TSR), λ, a non-dimensional parameter, is applied [52]. The λ is defined as

λ =
wR
V

(1)

where R = the water wheels’ radius (m), w = the angular velocity (rad/s1) and V = the velocity of
the inlet (m/s).

The efficiency is remarkably affected by TSR. In this research, different working conditions were
simulated through changing different immersed depths and rotational speeds. The case of the water
wheel’s output is verified for mesh dependence at an immersed depth of 1.0 m and TSR of 0.3037
(6 r/min), as presented in Figure 2. It could be concluded that the nearly 4 million elements are reliable
as the torques keep stable. So, this number of the elements is chosen for different cases. In this case,
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the flow domain’s mesh dimensions range between 0.23 m (0.021D) to 0.12 m (0.011D) and the wheel
domain’s mesh dimensions range between 0.12 m (0.011D) to 0.07 m (0.006D); local mesh refinements
were generated near the blades, also, Y+, a non-dimensional wall distance, is about 34 at the blades [21].
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In addition, for giving a better evaluation for the ability to extract energy in the stream, the power
coefficient Cp is used to describe the ratio of energy extraction by a water wheel to energy available in
the stream. The power coefficient Cp is defined as [21]

Cp =
wM

1
2ρAV3

(2)

where M = the torque generated from the water wheel (N·m), ρ = the water density (kg/m3) and
A = the swept area of the blades submerged in water (m2).

The power coefficient Cp is used when the kinetic energy is used; however, the stream wheel
may gradually become a RHPM (Rotary Hydrostatic Pressure Machine) as a result of growth in the
upstream water level. The efficiency Cp is used when all the head differences are used; efficiency Cp is
defined as follow for RHPM [31,37]:

Qr = AlN

PH = γQr[h1 − h2 +
V1

2
−V2

2

2g ]

Cp = wM
PH

(3)
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where A = the swept area of the blades submerged in water (m2), l = blade height (m), N = rotational
speeds (rad/s), γ = 9810 N/m3, h1 and h2 = upstream and downstream water levels and V1 and V2 =

mean water velocities upstream and downstream. The velocities were calculated from the center of the
water wheel to a distance of 2D.

In order to specify the transition from stream wheel to RHPM, a non-dimensional parameter X is
defined. X > 1 means that the wheel is more similar to a RHPM, X < 1 means that the wheel is more
similar to a stream wheel and X = 1 means that the wheel is the transition from stream wheel to
RHPM; the X is defined as follow:

X =
PH

PK
(4)

where PH = 9810 ×Q × (h1 − h2) is the potential energy between upstream and downstream, and
PK = 0.5× ρ×A×V3 is the is the kinetic energy.

2.3. Equation Discretization and Boundary Conditions

The water wheel rotated because of absorbing energy from the water. Capturing the free surface
between water and air is the main problem in the numerical simulation. In addition, the problem
of capturing the free surface coupled with rotation is more complex. For solving those problems,
the sliding mesh is used to simulate rotational motion and the interface is applied to transform the
momentum and energy between the rotation domain (wheel domain) and stationary domain (flow
domain). The VOF method in the multiphase model is used to capture the free surface between water
and air. CFD simulations are conducted using the commercial software FLUENT.

This research includes two phases (water and air) with a free surface. The RANS equations are
widely used to solve the flow characteristic, considering both efficiency and accuracy in simulation,
and volume of the fluid (VOF) is applied widely in solving the multiphase problems with immiscible
fluid. It is necessary to add an additional continuity equation based on RANS in the VOF methods.
The main purpose of an additional equation is to ensure the volume fraction of air and water in each
cell. Once the volume fraction was known, N–S equations of the mixture could be applied to solve the
free surface and flow characteristics.

The additional continuity equations are expressed for phase q as [17,53]

∂αq

∂t
+
∂(αqui)

∂xi
+
∂(αqu j)

∂x j
+
∂(αquw)

∂xw
= 0 (5)

where αq represents the volume fraction of phase q in each cell (in this research, the secondary phase is
water, the primary phase is air.), αq = 1 represents the cell is full of water, αq = 0 represents the cell is
full of air, and 0 < αq < 1 represents the free surface between water and air. In most cases, αq = 0.5 is
considered as the free surface between water and air. ui, u j and uw represent the time average velocity
components in the x, y, z direction, respectively.

Once the αq is solved, the volume fraction of p phase is expressed as αp = 1−αq, then the physical
properties of the mixture are expressed as [17]

ρ = αqρq + αpρp

µ = αqµq + αpµp
(6)

where ρ and µ are the density and dynamic viscosity of the mixture, respectively. ρp and ρq are the
densities of the p phase and q phase, respectively. µp and µq are the dynamic viscosities of the p phase
and q phase, respectively.

Then the continuity equation and momentum equations of the mixture could be solved. They can
be expressed as follow [17]:

∂(ui)

∂xi
+
∂(u j)

∂x j
+
∂(uw)

∂xw
= 0 (7)
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ρ( ∂ui
∂t + ui

∂ui
∂xi

+ u j
∂ui
∂x j

+ uw
∂ui
∂xw

)

= ρg− ∂p
∂xi

+ µ∇2ui +
∂(−ρu′i u

′

i)
∂xi

+
∂
(
−ρu′i u

′

j

)
∂x j

+
∂(−ρu′i u

′
w)

∂xw

(8)

where g is the gravitational acceleration (m/s), and ui, u j and uw are the time average velocity in the x, y
and z direction, respectively.

The qualities ρu′i u
′

j are viewed as Reynolds stress; the presence of Reynolds stress implies the N–S
equations are not closed, so some approximations are used to close the equations. The Reynolds stress
can be expressed as [17,54]

τi, j = −ρuiu j = µt

(
∂ui
∂x j

+
∂u j

∂xi

)
−

2
3
ρkδi, j (9)

where µt is turbulent viscosity, k is kinetic energy and δi j is Kronecker delta.
The SST k−ω turbulence model is believed to have a better ability to adapt the turbulent flow

with adverse gradients [2,32]. It has a higher accuracy and reliability in a wide range of flow fields.
So, the turbulence model of SST k−ω is used for the calculations. The k−ω equations are expressed,
respectively, as [23,55]

∂(ρk)
∂t

+
∂(ρkui)

∂xi
+
∂
(
ρku j

)
∂x j

+
∂(ρkuw)

∂xw
=

∂
(Gk∂k
∂xi

)
∂xi

+
∂
(

Gk∂k
∂x j

)
∂x j

+
∂
(Gk∂k
∂xw

)
∂xw

+ G (10)

∂(ρω)
∂t

+
∂(ρωui)
∂xi

+
∂(ρωu j)
∂x j

+
∂(ρωuw)
∂xw

=
∂
(

Gk∂ω
∂xi

)
∂xi

+
∂

(
Gk∂ω
∂xj

)
∂x j

+
∂
(

Gk∂ω
∂xw

)
∂xw

+ Gw + Yw + Sw + Dw

(11)

where G is the term of generation of dissipation; Γ is the term of effective diffusivity; Y is the term of
dissipation of k; D is the term of cross-diffusion; and S is the eventual user-defined source term [23].

The PISO (Pressure Implicit Split Operator) scheme is used for pressure–velocity coupling, the
Body Force Weighted for Pressure is used, as well as the Second Order Upwind for momentum and
turbulent kinetic energy is used for spatial discretization. The Modified HRIC (High Resolution
Interface Capturing) is used for calculating volume fraction. The time step is set to 360 steps in a
revolution for transient simulations at different TSR. To ensure the balance between efficiency and
accuracy, the max iteration chosen for each time step is 20 iterations and 6 revolutions was set as the
simulation time [17,21].

For boundary conditions, the velocity-inlet with an open channel and segregated velocity input
was set to 0 m/s for the primary phase (air) and 3 m/s for the second phase (water). The free surface
level is also set at the inlet in multiphase module. The free surface level and bottom level needed to be
set for the pressure-outlet in the multiphase module. A low turbulent intensity of 1% was set for the
pressure-outlet and velocity inlet [21]. The symmetry without a physical boundary was chosen for the
top of the domain, considering the stability of the calculation. All other boundaries of the domain
were used for the no-slip wall [21]. The immersed radius ratio is defined as h/r, where the h represents
the immersed depth when the stream is not equipped with a wheel and r is D/2. In addition, the
blockage ratio is used to specify the immersed radius ratio effect on the wheel’s performance [35,37].
The blockage ratio is defined as h× b/(t× B), where b is the blade width (11 m), t is the undisturbed
flow depth (2.2 m) and B is the channel width (11.4 m). The boundary condition and diagram of the
water wheel operation are presented as Figure 3.
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Figure 3. Boundary condition and diagram of water wheel operation.

3. Reliability Verification

The case was experimented at an immersed depth of 0.8 m. The flow velocity at the inlet was
measured by the Propeller Flow Velocity Meter (Jiangsu Nanshui Water Technology Co. Ltd., Nanjing,
China) of LS1206B. It is mainly used to measure flow velocity in open channels. The main parameters
of the instrument are as follow: the rotor diameter is 60 mm, the measured range of flow velocity is
from 0.05 m/s to 7 m/s, relative error δ within ±5% and a staring speed of 0.05 m/s. For the accuracy of
flow velocity, the flow velocity of 13 points located at the 11m in front of water wheel was measured.
The average velocity of 13 points is regarded as the inlet-velocity in simulation. The GBM Power Station
Control Center manufactured by GBM Co. Ltd. (Nanchang, China) is applied to measure the output
and rotational speeds and it is manufactured by GBM Co. Ltd. The water wheel is connected with an
axis of a permanent magnet generator through a gearbox with a transmission ratio of 1:25. The water
wheel’s rational speeds can be converted from the rational speeds of the permanent magnet generator.
The permanent magnet generator has a very high efficiency and the high torque was generated; the
maximum error on the power measurement was estimated as no more than 2%. The GBM Power
Station Control Center has two control models when making an automatic adaptation to the optimal
speed and manual speed adjustment. In this experiment, the cases with optimum working condition
and other different TSR were experimented at an immersed depth of 0.8 m. The test devices are shown
in Figure 4. The field experiments are shown in Figure 5. The comparison of output between the
experiments and numerical simulations is shown in Table 1.
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Table 1. Output of experiment and numerical simulation at an immersed depth of 0.8 m.

Inlet Velocity
(m/s)

Numbers of
Blade

Rotational Speeds
(r/min)

Output in
Experiments (kW)

Output in Numerical
Simulation (kW) Error (%)

3.0 8

2 10.90 11.34 4.1
3 14.09 14.61 3.7

3.92 (Optimal speeds) 14.52 15.07 3.6
5 9.66 10.12 4.7
6 5.43 5.62 3.4

The results of the simulation are consistent with the output of the experiments as a whole.
The maximum error is relatively smaller, no more than 5%. The main reasons for the error are known as
follow: Mechanical friction is seemed as the main source of the errors. There are also some differences
with being a little wider downstream in the physical model than the actual channel; so, the diffusion
may cause some hydraulic loss. In addition, the boundary conditions in the numerical simulation may
cause some errors compared with actual flow.

4. Results and Discussion

4.1. Evaluation of Water Wheel Performance

The different cases are researched at different immersed radius ratios. Table 2 indicates that the
power coefficient Cp is used at the immersed radius ratio of 41.37% (0.6 m) and 55.17% (0.8 m), and the
efficiency Cp is used at the immersed radius ratio of 41.37% (1.2 m). More specific, at the immersed
radius ratio of 68.96% (1.0 m), the X is varied near 1 at different rotational speeds; this immersed
radius ratio can be considered a transition from stream water wheel to RHPM, and here the power
coefficient Cp is used at this immersed radius ratio. The performance and optimal Cp among the
different immersed radius ratios are shown in Figure 6.

Table 2. The main characteristic parameters.

Immersed Depth (m) Immersed Radius Ratio Blockage Ratio X

0.6 41.37% 26.32% < 1
0.8 55.17% 35.09% < 1
1.0 68.96% 43.86% ≈ 1
1.2 82.76% 52.63% > 1

Figure 6 indicates that the different immersed ratios have a similar tendency to increase followed
by decreasing at different cases. At different immersed depths, the range of increasing and decreasing
is slightly different. At an immersed radius ratio 82.76% (1.2 m), the efficiency is increasing until TSR
0.1984, followed by decreasing until TSR 0.4049. At the other three cases, the efficiency performs the
same tendency to increases followed by decreasing until TSR 0.3037. In summary, it can be said the
operating range performs much wider at the immersed radius ratio of 82.76%; also, it has the same
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optimal rotational speeds at different cases. In addition, it can be found that the optimal Cp is at a
steady growth before the transition; however, after that, the optimal Cp begins to increase at a lower
rate until an immersed radius ratio of 82.76%.
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At the immersed radius ratio of 82.76% (1.2 m), the maximum Cp is 18.05% at a TSR of 0.1984, this
is followed by 16.98% at an immersed radius ratio of 68.96% (1.0 m), 12.69% at an immersed radius
ratio of 55.17% (0.8 m) and 8.57% at an immersed radius ratio of 41.37% (0.6 m) with an all TSR of
0.1984. Furthermore, the torque becomes negative at an immersed radius ratio of 96.56% (1.4 m),
indicating that the water wheel cannot work at this working condition. The performance is much
better as the immersed radius ratio increases for the stream wheel before an immersed radius ratio of
68.96% (1.0 m); after that, the water wheel at the immersed radius ratio of 82.76% (1.2 m) has the best
performance in RHPM in all cases. Above all, it can be said that it shows much better performance at
the immersed radius ratio of 82.76% (1.2 m) in all cases.

In order to describe the torque fluctuation, a non-dimensional parameter Tp is defined,
Tp = (Ti − Tave)/Tave. Ti is the torque at each time step. Tave is a time-average torque. The computed
torque is shown in Figure 7a in a revolution at a TSR of 0.1984 at different immersed depths; the Tp is
shown in Figure 7b. It is clear that the generated available torque fluctuated eight times in a cycle, and
the angle for the period is 45◦. It can be said the period of fluctuation is consistent with the numbers of
blades in a cycle. The available torque also dramatically increases at the beginning of a period, but the
decrease in torque is much slower; the different cases present the same tendency in torque fluctuation.
As discussed above, it generates much greater torques at the immersed depth of 1.2 m (immersed
radius ratio of 82.76%). Moreover, the torque fluctuation is more stable at the immersed depth of 1.2 m
than in other cases. Therefore, it can be said it can improve the performance and reduce the torque
fluctuation by adding immersed depth until 1.2 m (immersed radius ratio of 82.76%).

The computed difference in water level is presented in Figure 8 in a revolution at different
immersed depths. The free surface is monitored at a TSR of 0.1984 from the center of the water wheel
to a distance of 2D. It is clear that the average difference in water level increases as the immersed
depth increases, also it drastically increases, and the maximum is nearly 3 m at the immersed depth
of 1.2 m. The fluctuation of ∆d is much stronger than the other cases. So, it may cause the dramatic
vibration and fatigue of the blades, which could pose a considerate threat to the security of the entire
system. The high difference in water level may also cause serious erosion. Above all, it indicates that
the fluctuation amplitude of the water level difference and the average water level difference increases
as the immersed depth increases; also, the average water level difference is elevated considerably at the
immersed depth of 1.2 m (immersed radius ratio of 82.76%). Furthermore, the water wheel gradually
becomes a RHPM as the immersed depth increases [31]; the transition still needs to be researched.
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4.2. Analysis of the Flow Fields and Velocity Triangles

Flow characteristics are researched around the water wheel at different circumferential angle ϕ
using numerical simulation, and they are considered as in the middle of the width of the water wheel.
It is investigated at a TSR of 0.1984. The circumferential angle ϕ is expressed as a point at the top of
the outside diameter of the wheel in the direction of the rotation. The comparison of water volume
at different immersed depths is presented in Figure 9. The VFS = 0.5 is known as the interface
between water and air. VFS = 1 is known as the water area, and air area is identified as VFS = 0.
It is clear that it keeps the longest region of water area where some air is mixed with water at the
immersed depth of 1.2 m. In contrast, water area at the immersed depth of 0.6 m has the shortest
region at ϕ = 119◦ − 217◦. Moreover, water area at the immersed depth of 1.0 m is slightly longer at
ϕ = 73◦ − 210◦ than that of an immersed depth of 0.8 m at ϕ = 109◦ − 213◦.

In addition, there are some significant differences from comparisons of the water volume fractions
at the inlet phase. It is clearly seen that the water volume fraction at the inlet phase varies more strongly
than the outlet phase as immersed depth increases, especially at an immersed depth of 1.0 m and 1.2 m;
it indicates that much more air intrudes into the inlet stage as the blades are gradually submerged by
the water. The water mixed with air may make the flow more complex at the inlet phase.

The diagram of velocity triangle is presented in Figure 10 at the inlet phase and the outlet phase.
The absolute velocity has two components included, peripheral velocity (u) and relative velocity
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(w). The α is an absolute angle between peripheral velocity (u) and absolute velocity (v) and β is a
relative angle between peripheral velocity (u) and relative velocity (w). The computed radial (Vr) and
tangential (Vu) components of the absolute velocity (v) are used to make a comparison between the
flow characteristics. The radial velocity (Vr) has a positive direction with a radial inner direction and
tangential velocity (Vu) has a positive direction with a rotational direction. The Vr and Vu are identified
in Figure 11 through the water volume fraction at different immersed depths and a TSR of 0.1984.Water 2019, 11 FOR PEER REVIEW  12 
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It can be seen that Vr shows a similar tendency at different immersed depths in a cycle from
Figure 11a. The Vr decreases as ϕ increases from nearly ϕ = 112◦ to ϕ = 135◦ at different immersed
depths. At the immersed depth of 1.2 m, the value of Vr performs much more negative and is relatively
smaller at the inlet phase. It indicates the case at an immersed depth of 1.2 m and has the higher
resistance for main flow. However, it can absorb more energy from water flow and has a better
performance. After that, the values of Vr for all cases become positive and the water gradually flows
into the flow channels between the blades, coupled at the beginning to generate a swirling flow. Then
Vr gradually goes down and dramatically increases, arriving a peak nearly at ϕ = 201◦. It can be
referred that eddies begin to generate as water gathered in the flow channels between the blades at
ϕ = 135◦ and it is fully developed at ϕ = 201◦ as Vr arrives at a peak. After that, the water in
the flow channels between the blades quickly flows into the rivers with Vr achieving a minimum at
nearly ϕ = 208◦ at the outlet phase, and the eddy fails to continue because of the loss of water and
quickly disappears.

In addition, there are some differences at this area of ϕ < 135◦: The water area is much larger
because of the elevation at the upstream water level at the immersed depth of 1.2 m; also, the value
of Vr varies strongly and dramatically decreases to negative coupled with achieving a minimum
at ϕ = 72◦, and then increases to positive. So, it can be inferred that it may cause more serious
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swirling flow between the different blades at this condition. The velocity vectors are presented in
Figures 12 and 13 at ϕ = 135◦ and ϕ = 201◦, respectively. It can be seen that the eddy is gradually
generated at ϕ = 135◦ and fully developed at ϕ = 201◦ in a flow channel expected of this case at the
immersed depth of 1.2 m. At the immersed depth of 1.2 m, eddies generate in two flow channels and
have developed an initial vortex at ϕ = 135◦ because of the elevation of the upstream water level. So,
it can be said this case would cause more complex flow.Water 2019, 11 FOR PEER REVIEW  15 

 

 

Figure 12. Velocity vectors at circumferential angle = 135°. (a) The immersed depth of 0.6 m; (b) 
the immersed depth of 0.8 m; (c) the immersed depth of 1.0 m; (d) the immersed depth of 1.2 m. 

 

Figure 13. Velocity vectors at circumferential angle = 201°. (a) The immersed depth of 0.6 m; (b) 
the immersed depth of 0.8 m; (c) the immersed depth of 1.0 m; (d) the immersed depth of 1.2 m. 

5. Conclusion and Future Work 

The objective of this paper was to study the effect of different immersed depths on the 
performance and flow characteristics for a real-size water wheel applied in an open channel, and 
from the present research, the following conclusions can be made: 

1. The results of the simulation are consistent with the output of the experiments as a whole. The 
simulations could represent the experiments with a maximum error of less than 5%. 

2. The water wheel performance is much better as the immersed radius ratio increases of the 
stream wheel before an immersed radius ratio of 68.96% (1.0 m); after that, the water wheel at the 
immersed radius ratio of 82.76% (1.2 m) has the best performance as the RHPM in all cases. The case 
at an immersed radius ratio of 82.76% shows the best performance, achieving a maximum efficiency 
of 18.05% at a TSR of 0.1984. The maximum efficiency is followed by 16.98% at an immersed radius 
ratio of 68.96%, 12.69% at an immersed radius ratio of 55.17% and 8.6% at an immersed radius ratio 

Figure 12. Velocity vectors at circumferential angle ϕ = 135◦. (a) The immersed depth of 0.6 m; (b)
the immersed depth of 0.8 m; (c) the immersed depth of 1.0 m; (d) the immersed depth of 1.2 m.

Water 2019, 11 FOR PEER REVIEW  15 

 

 

Figure 12. Velocity vectors at circumferential angle = 135°. (a) The immersed depth of 0.6 m; (b) 
the immersed depth of 0.8 m; (c) the immersed depth of 1.0 m; (d) the immersed depth of 1.2 m. 

 

Figure 13. Velocity vectors at circumferential angle = 201°. (a) The immersed depth of 0.6 m; (b) 
the immersed depth of 0.8 m; (c) the immersed depth of 1.0 m; (d) the immersed depth of 1.2 m. 

5. Conclusion and Future Work 

The objective of this paper was to study the effect of different immersed depths on the 
performance and flow characteristics for a real-size water wheel applied in an open channel, and 
from the present research, the following conclusions can be made: 

1. The results of the simulation are consistent with the output of the experiments as a whole. The 
simulations could represent the experiments with a maximum error of less than 5%. 

2. The water wheel performance is much better as the immersed radius ratio increases of the 
stream wheel before an immersed radius ratio of 68.96% (1.0 m); after that, the water wheel at the 
immersed radius ratio of 82.76% (1.2 m) has the best performance as the RHPM in all cases. The case 
at an immersed radius ratio of 82.76% shows the best performance, achieving a maximum efficiency 
of 18.05% at a TSR of 0.1984. The maximum efficiency is followed by 16.98% at an immersed radius 
ratio of 68.96%, 12.69% at an immersed radius ratio of 55.17% and 8.6% at an immersed radius ratio 

Figure 13. Velocity vectors at circumferential angle ϕ = 201◦. (a) The immersed depth of 0.6 m; (b) the
immersed depth of 0.8 m; (c) the immersed depth of 1.0 m; (d) the immersed depth of 1.2 m.

As shown in Figure 11b, tangential velocity (Vu) gradually increases at the inlet phase as the
ϕ increases and achieves a peak nearly at ϕ = 174◦ at different immersed depths, also the value
of Vu gradually increases as the immersed depth increases at different cases. After that, Vu begins
to decrease as the ϕ increases and the cases at a deep immersed depth have a faster rate of decline.
Combined with the Vr at the outlet phase in Figure 11a, it can be said that the case at an immersed
depth of 1.2 m performs a complex flow because of dramatic change in Vr and Vu. In summary, the flow
would be more complex as the immersed depth increases and would cause serious local ersion coupled
with eddies.
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5. Conclusion and Future Work

The objective of this paper was to study the effect of different immersed depths on the performance
and flow characteristics for a real-size water wheel applied in an open channel, and from the present
research, the following conclusions can be made:

1. The results of the simulation are consistent with the output of the experiments as a whole.
The simulations could represent the experiments with a maximum error of less than 5%.

2. The water wheel performance is much better as the immersed radius ratio increases of the
stream wheel before an immersed radius ratio of 68.96% (1.0 m); after that, the water wheel
at the immersed radius ratio of 82.76% (1.2 m) has the best performance as the RHPM in all
cases. The case at an immersed radius ratio of 82.76% shows the best performance, achieving a
maximum efficiency of 18.05% at a TSR of 0.1984. The maximum efficiency is followed by 16.98%
at an immersed radius ratio of 68.96%, 12.69% at an immersed radius ratio of 55.17% and 8.6% at
an immersed radius ratio of 41.37%, with all TSR = 0.1984. It suggests the immersed depth at an
immersed radius ratio of 82.76% can be applied for a much better performance.

3. The case at the immersed radius ratio of 82.76% has a wider operating range and it can work at
high speeds or low torque; the optimal speed is TSR = 0.1984 at different cases. The torque is
more stable as the immersed radius ratio increases less than 82.76%. The wheel mainly work at a
low TSR, that is a TSR < 0.1984; also, the wheel has a higher efficiency at N∗ < 0.2 (the TSR is
equal to N∗) as in Reference [31], and thus it can be said the results is consistent with each other.

4. The average water-level difference between the upstream and downstream areas increases as
the immersed radius ratio increases less than 82.76%. The average water-level difference is
dramatically elevated at the immersed radius ratio of 82.76% (1.2 m); it has a greater average
water level difference and fluctuation amplitude than other cases. In addition, the case at the
immersed radius ratio of 68.96% is a transition from stream wheel to RHPM; the optimal Cp

steadily increases before transition, however, after that, the optimal Cp begins to increase much
more slowly until an immersed radius ratio of 82.76%. Furthermore, the transition still needs
much more research.

5. The water region is much wider and the water volume fraction shows more intense changes at the
inlet stage than the outlet phase as the immersed depth increases. In addition, at the immersed
radius ratio of 82.76% (1.2 m), much more air intrudes into the water between the blades at the
inlet stage and, coupled with the dramatic change in water volume fraction, would make flow
more complex.

6. An eddy was gradually generated and fully developed in the single flow channel at the same time
except at the immersed radius ratio of 82.76% (1.2 m). At the immersed radius ratio of 82.76%
(1.2 m), eddies generated in two flow channels and can develop an initial vortex earlier than other
cases because of the elevation of the upstream water level. Combined with dramatic changes in
Vr and Vu, flow would be more complex as the immersed depth increases and may cause serious
local ersion coupled with swirling flow.
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Nomenclature

λ Tip-speed ratio
Cp Ratio of the energy extraction by water wheel to energy available in the water
∆d Values between the upstream and downstream water depths
Tp Fluctuation amplitude ratio of water level
ρ Water density
VFS Water volume fractions
ϕ The angle of a point at the top of the outside diameter of wheel in direction of rotation
Vu Tangential components of the absolute velocity
Vr Radial components of the absolute velocity
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