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1. Introduction

Electrical generation and water-saving have become throughout the years a paramount object of
investigation as well as a big concern for humanity. As a consequence, the global investment in the
micro-pico-electrical generation has increased because there are free-emission, sustainable, and
environmentally friendly energy hydro sources [1]. Although the drinking water industry in
industrialized regions is one of the most energy-intensive hydraulic-wise sectors, the majority of its
energy is consumed inefficiently, which is evident in the surplus of pressure generated within the
pipelines by gravity disposition designs and storage systems [2]. Then, pressure-reducing valves
(PRVs) are installed in waterworks to control the pressure variation, leading to a wasteful dissipation
of energy [3].

Two problems are identified when it comes to water distribution systems. On the one hand, the
non-usage of the energy stored within the pipes caused by overpressures and high fluid velocities,
which generally is not used for other purposes different than being dissipated [4]. On the other hand,
especially for pipes located at remote sites, Dequesene et al., [5] from the French Office for
Biodiversity (OFB), states that the water losses in pipe distribution systems reach 20% at a national
level representing roughly 1 billion cubic meters of water per year wasted due to leakages. In this
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manner, high pressure and pressure fluctuations generate, among other causes, the leakages within
the pipes [6].

Therefore, different technologies were investigated, which not only harness the kinetic and
potential energy of the fluid to generate hydropower but also helping to solve the prior mentioned
problems. Thus, various types of hydrokinetic turbines have been used for in-pipe installation to
reduce the usage and to increase the life span of PRVs, allowing for the management and regulation
of the pressure spikes in the system, along with an adequate energy conversion for hydropower [7,8].
Moreover, the generated hydropower could be injected into the local electrical network or to
maintain the power consumption of remote control monitoring systems [9].

Northwest Pipe and Lucid Energy companies developed the patent, which describes a spherical
turbine system for micro-hydroelectric generation within a cylindrical pipe for drinkable water
distribution to harness the excess of energy [10]. According to the reports by Lucid Energy [11,12],
the patent was implemented commercially since 2013 for pipes between 610 and 1575 mm in
diameter, 20 kW of electric power per turbine, and 120 psi as maximum working pressure, producing
electrical energy between 50 and 60 MW h a year.

Likewise, a numerical investigation of a 1.4 m diameter helical-shaped spherical turbine was
conducted by Lee et al., [13] where the use of a circular and rectangular duct was investigated,
showing that a rectangular duct improved the power coefficient of the turbine by 4.7% compared to
using a circular one. In like manner, an experimental study in a towing tank of a Gorlov and spherical
Darrieus turbines, with 1 and 1.14 m of diameter, respectively, was carried out by Bachant and
Wosnik [14], where it was concluded that the Gorlov turbine reached a higher power coefficient of
28% than that of the spherical turbine of 21%. The results were expected due to the better
performance of spherical turbines in the presence of more blockage fluid flows, e.g., pipes.

Less than 1 m diameter spherical turbines for in-pipe installation were investigated by Oladosu
and Koya [15], where a 233.6 mm diameter turbine was numerically studied reaching mechanical
powers of 1080 and 2663 W for stainless steel and aluminum blades, respectively. The generation of
maximum head loss was 9.7%. Similarly, Yeo et al., [16] analyzed computationally a novel spherical
turbine of 894.08 mm in diameter, in which the maximum numerical efficiency reached a value of
22% at a tip speed ratio of 2.4 and a clearance of 12%.

Additionally, Yang et al., [17] carried out an experimental and numerical study of Darrieus
spherical and Savonius turbines with diameters of 183.6 and 180 mm, respectively. It was shown that
for a given working condition, the critical flow rate for the self-start of the turbine, the tip speed ratio,
and the power coefficient resulted in higher values for the spherical turbine compared to the
Savonius. Lastly, Langroudi et al., [18] made a parametric, theoretical, numerical, and experimental
study of a spherical turbine of 92 mm in diameter with helical (twisted) blades. Parameters as the
turbine height, number, initial angle of attack, and twist angle of the turbine blades, were taken into
account for the parametric study. The results showed that as the number and the initial angle of
attack of the turbine blades were increased, the higher the coefficients of power and pressure were,
but at the expense of the increment of the possibility of cavitation.

In contrast, cross-flow turbines as the Michel-Banki type also have undergone investigations for
in-pipe installation. In particular, the studies of Jiyun et al.,, [19] showed an experimental and
numerical analysis of the development of a vertical-axis cross-flow turbine of 98 mm in diameter,
inline blocks to increase the efficiency, and clearance effects. Additionally, it was also studied the
impingement on the efficiency of the turbine caused by the inline guide block angle, reaching a
maximum numerical efficiency of 42.4% for a 30° block angle [20]. Ultimately, the effect on the
efficiency and pressure loss of the angle between the guide and conversion blocks was determined,
which showed that the variation of this angle had a light influence on the power of the first stage of
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the turbine, increasing the pressure loss at the expense of lowering the power at the second stage
[21]. The optimal arc angle was found to be 105°, which allowed to increase the turbine efficiency up
to 42.6%.

Conversely, an experimental study developed by Chen et al.,, [22] on vertical axis Savonius
turbines of 92 mm in diameter for in-pipe installation showed that a maximum mechanical power
value of 88 W was reached by a 12-blade-hollow-type turbine with a pressure loss of 4.85 m. Also,
the investigation of Ma et al., [23] provided a theoretical, numerical, and experimental study on drag-
type turbines, as well as a summary of all research activities of an inline hydroelectric generating
system (IHGS) for 250 and 600 mm in diameter.

Besides, the experimental investigations of Hadi et al., [24] on Savonius turbines for water pipes
showed that the twist angle of the turbine blades was helpful to increase the power coefficient of
the turbine for flow rates under 8.16 X 103 m3/s. Although for higher flow rates, the power
coefficient was greater without the use of twist angles [24]. Additionally, a similar study concluded
that for the same Savonius turbine used in wastewater pipes of 3-inch in diameter, the optima blade
overlap ratio was 0.3, which generated 30.58 W of power output at a tip speed ratio of 0.79 [25].
Other numerical studies on the vortex shedding, flow topology, and the effects of walls of
experimental rigs on lift and drag have been also carried out [26,27].

In like manner, the studies of Payambarpour et al., [28] showed the investigations of a modified
drag-type Savonius turbine of 92 mm in diameter for in-pipe installation. It was determined that a 5-
blade turbine was the optimal blade configuration for hydropower harnessing and smoothing out
torque ripples. Similarly, a numerical and experimental study on the same turbine showed the effects
of the clearance, flow rate variation, head loss, and performance, where it was concluded that the
optimal performance was obtained at a rotational speed of 50 rad /s and with a 4 mm clearance,
generating 55 W and 20 kPa of pressure drop [29]. Lastly, an analytical, numerical, and experimental
study was developed on the drag-type modified Savonius turbines, where a parametric study was
realized determining the optimal geometric dimensions of the turbine and the deflector, which
guides the flow for the increase of turbine efficiency [30].

Axial and propeller-type turbines can also be used for hydropower harnessing within pipes. For
instance, contra-rotating axial turbines have been investigated by Ryosuke et al., [31] for a small
turbine diameter of 70 mm, for which a high numerical efficiency of 70.8% was reached. Shigemitsu
et al., [32,33] performed a numerical and experimental analysis of a similar contra-rotating turbine
of 60 mm in diameter, which showed a maximum turbine efficiency of 59%, and the fluid dynamics
effects of the rotors and the spokes which held the turbine in place inside the pipe. Finally, Nan et
al., [34] studied the performance of an ultra-small modified contra-rotating turbine of 58 mm in
diameter, which determined that lengthening the front and chamfering the rear hub of the turbine
and having blades with variable thickness made velocity transitions smoother and increased the
overall efficiency of the turbine up to 64.7%, respectively.

Propeller-type turbines have been thoroughly investigated by Ramos et al.,, [35] providing
theoretical and economic analysis for the viability of a cost-effective axial turbine for possible
implementation in water supply systems, and the harnessing of flooding in urban areas using hydro
turbines [36]. Similarly, Ramos et al., [37] have also researched small-sized propeller turbines for 85
and 100 mm in diameter, providing a design methodology for the turbine blades, and numerical and
experimental studies, reporting a maximum turbine efficiency of approximately 64% [38].

The investigations of Nishi et al., [39] provided a design methodology for an ultra-small axial
turbine with guide blades, which utilized 2D and 3D flow analysis and particle image velocimetry (PIV)
measurements that helped to improve the turbine efficiency up to 76.8%. Moreover, a similar study
was carried out to determine the fluid dynamic reasons for the increase in the turbine efficiency
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utilizing computational fluid dynamics (CFD) and experimental measurements, in which was found
that the dampening of the tip leakage vortex near the hub at the blade outlet caused hydraulic losses
[40]. Lastly, the study of Alexander et al., [41] made crucial contributions to the design, selection,
and scaling of axial turbines for hydroelectric generation, which demonstrated that flat blades could
be designed for manufacturing simplicity, and still being close enough to the ideal blade design.
Based on the bibliography, it was found that one of the most efficient turbines for in-pipe
installation was the propeller-type axial turbine, reaching efficiencies up to 70%, in comparison to
less efficient turbines as the Darrieus spherical. Additionally, there is a lack of investigations for
turbines less than 80 mm in diameter. Consequently, the objective of this study is to evaluate the
fluid dynamic behavior of a lift-based propeller turbine for a 76.2 mm diameter pipe using
computational fluid dynamics (CFD) for the prediction of pico-hydroelectric generation.

2. Methodology
2.1 Governing Equations

The k — € turbulence model is one of the most used turbulence models at the industrial and
research levels [42]. The k term represents the turbulence kinetic energy [m?s~2], and ¢ is the
turbulence eddy dissipation [m~2s73]. Then, Eq. (1) defines the equation of continuity, where p is
the density of water, t is time, and U; represents the three spatial components of the fluid velocity
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Two momentum equations are defined by Eg. (2) and Eq. (3) in which k and & are related, where
C¢1, Cea, 0, 0y are constants. Py, and Py, represent the influence of buoyant forces [43].
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The turbine torque T is calculated using Eq. (4), where S represents the surface of the rotating
parts, 7 is the position vector, T the total stress tensor (pressure and viscous stresses), 71 is a unit
vector normal to the rotating surface, and a is a unit vector parallel to the axis of rotation [44].

T:(L[rx(?-ﬁﬂds)-a (4)

Eq. (5)-(7) define the dimensionless coefficients of head Cy, capacity Cy, and power Cp,
respectively. They relate the acceleration of gravity g [ms~2], hydraulic head H [m], angular velocity
w [rad s™1], the characteristic diameter D [m], the density of the fluid p [kg m~3], the flow rate
Q [m3s71], and the mechanical power Py,.c, = T [45].



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 83, Issue 1 (2021) 1-16

_ 8
e )
@
(:Q _-60173 (6)
P
_ mech
e’ v

The hydraulic efficiency of a turbine is defined by Eq. (8), where ratios of the mechanical power
produced by the turbine, the hydraulic energy available in the streamflow, and the dimensionless
coefficients are shown [45].

P C
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The Eq. (9) defines the pressure drop AP [m], where P; and P, are the inlet and outlet pressures.
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2.2 Geometry of Turbines
2.2.1 Geometry of the lift-based propeller-type turbine

The propeller-type turbine geometry was based on the investigation of Ramos et al., [37], which
showed the blade design and the study of a 100 mm diameter turbine. Ramos et al., [37] assumed a
free-vortex flow at the outlet of the blade for the turbine design, which satisfies the theory of radial
equilibrium [46]. In other words, the velocity radial components are not present, leading to a
constant axial velocity through the turbine. Figure 1(a) shows the general dimensions of the turbine
geometry which were scaled down by a factor of 0.76 for the present study. Figure 1(b) presents an
isometric view of the turbine.

Upstream
19mm P38mm / v'd blb

| K

15.96mm
Turbine
runner

15 N / . \\]

|
76mm - |
(a) (b)

Fig. 1. Propeller-type turbine model; (a) General dimensions, (b) Three-dimensional view
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2.3 CFD Simulation Setup
2.3.1 Control volumes

Figure 2 presents the computational domains for the propeller turbine. The stationary domains
represent the 76.2 mm diameter pipe, which has two elbows of 45° each. The rotational domain
containing the propeller turbine was located at 8 turbine diameters (D = 76 mm) from the inlet and
outlet. The clearance between the tip of the blades and the pipe wall was 0.1 mm.

Pipe diameter , Elbow Outlet pipe Outlet
76.2 mm Turbine. v
) Wall clearance Outlet
Inlet Inlevpipe l 0.1 mm  channel
v \ 8D
' D ; ’
: g Rotational domain

~D-~=D R152.4 mm
45°

80 Stationary domains

Fig. 2. Computational domains for the numerical simulation of the propeller turbine
2.3.2 Mesh independence study

The mesh independence study used the hydraulic efficiency ny as the output parameter for both
turbines, because it contains the main fluid dynamic variables, as stated in Eq. (8). Figure 3 presents
the mesh independence study result of the propeller turbine, which used 5 refinement mesh points.
The optimum number of elements for the simulation was 2817590 with an error of 0.1167%
compared to the next refinement point.
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Number of elements [-] [10°]
Fig. 3. Mesh independence study result of the propeller turbine

The mesh and the inflation layers were generated by Mesh of ANSYS 2020 R1. The inflation layers
for the turbine blades and the pipe wall used a desired y™ = 30, a characteristic velocity U = 3 m/s,
and characteristic lengths of 0.04144 and 0.076 m, respectively. The computed distance to the first
cell of the mesh yy for the blades and pipe wall were 2x10* and 3.64x10* m, respectively. Figure
4(a) shows a cross-sectional view of the tetrahedrons-based mesh of the control volumes of the



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences Penerbit

Volume 83, Issue 1 (2021) 1-16 Akademia Baru

propeller turbine. Figure 4(b) shows the details of the blade inflation generation, which has 8 layers
and a growth rate of 1.2, and the pipe wall was generated with 6 layers with a growth rate of 1.1.
Quality-wise, the mesh has average quality values of orthogonal quality with a value of 0.766,
skewness of 0.233, and an aspect ratio of 2.226, all of which are within the allowed quality thresholds
for the CFD solver [43].

Outlet
Refinement zone

2.3.3 Boundary conditions and parametric study

The CFD simulations were executed using the fluid dynamics commercial code CFX of ANSYS 2020
R1. The simulations used a stationary analysis, the RANS Standard k — ¢ turbulence model, a frozen
rotor approach, and water at 25°C without heat transfer. Figure 5 defines the boundary conditions
applied to the numerical simulation shown in green color. Figure 5(a) shows the inlet mass flow m
boundary condition with a turbulence intensity of I = 5%, the relative pressure boundary condition
at the outlet, and the no-slip condition applied to the pipe wall. Figure 5(b) shows the fluid-solid
interface applied to the turbine blades and hub, and the fluid-fluid interface applied to the shroud,
respectively.
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Fig. 5. Simulation boundary conditions; (a) Inlet and outlet boundary conditions of the statlonary domain (b)
Rotational domain interfaces

The parametric study used as the input parameters the mass flow rate varied between (4.57<
m <16.62) kg /s with steps of 1.38 kg/s, and the angular velocity using an initial value of 50 rpm
and then varied between (50< N <2750) rpm with steps of 250 rpm. Then, for every value of N,
the mass flow rate m was varied within its whole range. The CFD solver reported as output
parameters the torque T [Nm] of the turbine, and the pressure difference AP between the inlet and
outlet walls of the pipe.

3. Results
3.1 Parametric Study Results

This subsection presents the relation between parameters like the head H [m], the mechanical
power Pp,.cr, [W], and the hydraulic efficiency [%], with the volumetric flow rate Q [m3/s] for every
variation of the angular velocity N [rpm].

Figure 6(a) shows the optimum range of Q for every variation of N, which suggests that as angular
velocity increases, the range of the flow rate Q reduces progressively. In other words, for
combinations of high values of N and low values of Q, the turbine does not extract hydraulic energy,
but rather transferring energy, turning into a pump behavior. Figure 6(b) presents various operational
points of the angular velocity N, where H is plotted against Q. The graph shows that the relation
between H and @ is proportional, which indicates that the turbine transforms more potential energy
as the flow rate increases. Nonetheless, when N increases, the range of operation of H decreases,
meaning that it is also an inverse relation.
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Fig. 6. (a) flow rate Q vs. angular velocity N, (b) flow rate Q vs. head H

Figure 7(a) presents the relation between Q and mechanical power P,,.., for an angular velocity
range of (50 < N < 1250) rpm. The curves indicate that Q and H are proportional, but for low
values of w, as N = 50 and 250 rpm, the influence of Q on the increment of P, is not as great as
other values. For example, values of N > 250 rpm result in curves of P,,..;, With a greater slope.
Figure 7(b) shows the relation of the flow rate and the head for an angular velocity range of
(1500 < N < 2750) rpm. The graph shows that for a range of N between 1500 and 2000 rpm,
Pinech is higher for low values of  in comparison to greater values of N. Additionally, all the curves
of Ppecn @approximate to a range between 570 and 621 W, where the maximum value of Pp,cqn
reached is 621 W at N = 2250 rpm, and Q = 16.7x103 m3/s.
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(a) (b)
Fig. 7. Flow rate Q vs. mechanical power P,,.., (a) angular velocity range for (50 < N < 1250) rpm, (b)
angular velocity range for (1500 < N < 2750) rpm

Figure 8(a) and Figure 8(b) show the relation of Q vs. ny for an angular velocity range of
(1000 < N <1750) rpm and (2000 < N < 2750) rpm, respectively. In the graphs, there are
inflection points for every curve of ny, which represent the maximum and optimal values of the
turbine performance, and then they decrease as Q rises. The maximum hydraulic efficiency reached
by the turbine is ny = 64.46% for an angular velocity N = 1750 rpm, and a flow rate of Q = 9.7X10°
3m3/s. The curves of n for an angular velocity range of (50 < N < 750) rpm are not reported on
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a graph, because 1y quickly decreases with small variations of Q, hence representing a non-optimal
range of operation in terms of turbine performance.
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(a) (b)
Fig. 8. Relation between the flow rate Q and the hydraulic efficiency ny; (a) (50 < N < 750) rpm, (b)
(1000 < N < 1750) rpm, (c) (2000 < N < 2750) rpm

Figure 9 presents the best efficiency point BEP for the propeller turbine, where the curves of the
hydraulic efficiency ny, the head H, the mechanical power P,,.., are plotted against the flow rate Q.
The BEP is located at the maximum obtained value of ny defined by a dotted green color line, which
indicates the optimum operating parameters for Q, H, and P,,,.., at an angular velocity of N = 1750
rpm.
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Fig. 9. Best efficiency point BEP of the propeller turbine for an
angular velocity of N = 1750 rpm

3.2 CFD Contours
3.2.1 Contours of dimensionless distance y*

This subsection shows the contour of the dimensionless distance y* of the first cell of the mesh
applied to the wall of the turbine. Figure 10(a) shows a frontal view of the hub zone and the pressure
surfaces of the blade. It is possible to observe the values of y* quantitatively and qualitatively in a
range of 14 < y* < 140, which indicates that the surfaces of the turbine are approximately within

10
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the desired range of 30 < y* < 300. Figure 10(b) shows a lateral view of the turbine, in which zones
of rough y* contour transitions are indicated by red ovals. This irregularities on the contour are due
to the differences in the refinement of the tetrahedron and hexahedron mesh elements. It can also
be observed that there some zones with high y* values, which are out of the desired values of y™,
however, the zones of interest are the surfaces of the turbine blades since they produce the turbine
torque. Figure 10(c) presents an isometric view that allows showing the suction surfaces of the
blades, and the rear zone of the hub. The values of y* of the suction surfaces range approximately
between 88 < y* < 93, which are within the desired range of the dimensionless distance.

3.2.2 Pressure and velocity contours of the control volumes

The contours presented in this subsection are at the BEP point. They are located on the XZ plane
atY/D = 0.5, and the flow direction is in the positive X direction. Figure 11(a) and Figure 11(b)
present the pressure and velocity contours of the pipe (stationary domain) near the turbine,
respectively. The contours show vertical lines which represent the interface of the rotational domain.
For both contours, a zone of high pressure, and low velocity is denoted with dotted lines upstream
the turbine, which is generated by the reduction of the fluid momentum when approaches the hub
wall. Similarly, a wake zone downstream of the turbine is highlighted, where zones of low pressures
and high velocities are generated by the turbulence due to the presence of the turbine.

Rough contour
transitions

Y+ [

366.83
343.98
32112
- 208.27
27541
25255
229.70
206.84
183.99
161.13
138.28
115.42
92.56
69.71
46.85
24.00
1.14

Fig. 10. Contours of y* of the turbine walls at the best efficiency point BEP; (a) frontal view of the hub and
the pressure surfaces of the turbine blades, (b) Detailed lateral view of the turbine hub, (c) isometric view
showing the suction surfaces of the turbine blades

11
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Velocity [m/s]

(b)
Fig. 11. CFD contours at the best efficiency point BEP on the XZ
plane located at Y /D = 0.5; (a) top view of the pressure contour,
(b) top view of the velocity contour

3.2.3 Pressure and velocity contours of the turbine walls

Figure 12(a) and Figure 12(b) present the pressure and velocity contours at the BEP applied to
the walls of the propeller turbine, respectively, where the fluid follows the X positive axis direction,
and the direction of rotation of the turbine is given. From the contours, the fluid dynamic behavior
can be validated based on the inverse relation of the pressure and velocity of the fluid. In other
words, the pressure magnitude on the pressure zone of the blades, Figure 12(a), is higher as the fluid
gets closer to the hub, or as the radial direction decreases. The same applies to the suction zone of
the blade, where the pressure is lower. Figure 12(b) shows the velocity contour and direction vectors,
in which the inverse relation of the pressure and velocity can be seen. Such behavior is because the
tangential velocity is proportional to the radial direction r, resulting in high fluid velocities as it
approaches the blade tips. Ultimately, the suction zone has higher values of velocity due to the shape
of the blade.

12
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Fig. 12. CFD contours at the best efficiency point BEP applied to the walls of the propeller turbine; (a) frontal
and isometric view of pressure contour, (b) frontal and isometric view of velocity contour

4. Conclusions

A three-dimensional model of a propeller turbine for in-pipe installation, available in the
bibliography, is modeled for a pipe of 76.2 mm in diameter. A parametric study to determine the fluid
dynamic characteristic curves of the turbine is carried out. As a result, the best efficiency point for
the turbine operation is found for the maximum hydraulic efficiency of 64.46%, at a flow rate of
9.72x103m3/s, a head drops of 1.76 m, and mechanical power of 107.83 W. This result is relevant
due to the lack of numerical investigations for in-pipe turbine applications less than 80 mm in
diameter. Therefore, the results of this work can be used as a reference for future experimental or
numerical studies on the subject.

The obtained maximum hydraulic efficiency of the propeller turbine of 64.46% with a diameter
of 76 mm is higher than the experimental hydraulic efficiency of the reference results by Samora et
al., [38], which reports an efficiency of 63.75% for a turbine with 85 mm in diameter. On one hand,
this indicates similarities in the results, but on the other hand, is contra-productive, because the
predictions that the affinity laws of turbomachines provide suggest the contrary. This could be
attributed to the simplifications with the shaft of the turbine, and no wall roughness.

Future work is needed on the transient simulation of this kind of turbine application, taking into
account the shaft of the turbine and the wall roughness of the turbine and pipe walls to determine
in @ more detailed manner the fluid dynamic behavior of the fluid. Also, the determination of cost-
benefit based on the turbine diameter for applications within pipes would be of great value, since
the mechanical power and hydraulic efficiency decrease as the turbine diameter is reduced.
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