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This study discusses the numerical optimisation and performance testing of
the turbine runner profile for the designed gravitational water vortex turbine.
The initial design of the turbine runner is optimised using a surface vorticity
algorithm coded in MATLAB to obtain the optimal stagger angle. Design
validation is carried out using computational fluid dynamics (CFD) Ansys
CFX to determine the performance of the turbine runner with the turbulent
shear stress transport model. The CFD analysis shows that by optimising the
design, the water turbine efficiency increases by about 2.6%. The prototype
of the vortex turbine runner is made using a 3D printing machine with resin
material. It is later tested in a laboratory-scale experiment that measures the
shaft power, shaft torque and turbine efficiency in correspondence with
rotational speeds varying from 150 to 650 rpm. Experiment results validate
that the optimised runner has an efficiency of 45.3% or about 14% greater
than the initial design runner, which has an efficiency of 39.7%.
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1. INTRODUCTION

Further research on electrical energy from renewable sources is one increasing energy solution for
the increasing demand for global electrification. One of the potential renewable sources in Indonesia is the
micro hydro power plant because Indonesia has many rivers. With so many flat contour rivers in Indonesia,
micro hydro power plant with a very low head (VLH) is one potential power generation. The gravitational
vortex water turbine is one of the renowned water turbines that can be applied to the VLH condition.
According to prior research, the average efficiency of the vortex turbine is approximately 14% to 40% [1]-
[10]. This efficiency is deemed lower than the conventional propeller turbines, such as the Kaplan turbine
that 76% to 84% efficiency [11] or Archimedes screw turbine with roughly 72% efficiency [12].

Several studies have attempted to increase the efficiency of the gravitational vortex turbine, such as
by adjusting the number of blades. A vortex turbine with five blades has the highest torque [1]-[8].
Dhakal et al. [13] experimentally revealed that the power extracted by the vortex turbine increases as the
number of turbine runners is increased to a certain extent. Then, the efficiency decreases when the number of
runners is further increased. Khan [14], Dhakal et al. [9] and Kueh et al. [15] stated that curved runner
profiles are more efficient than flat runner profiles. The vortex turbine runner used by Khan [14] is curved in
the side view, that by Dhakal et al. [9] is curved from the top view, and that used by Kueh et al. [15] is
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curved at the bottom. Different runner shapes are curved in the crossflow turbine model used by
Guzman et al. [16]. However, the maximum efficiency obtained is still quite low, around 17.5%.

The addition of baffles to the vortex turbine runner has a significant impact on increasing the
efficiency of the vortex turbine, as stated by Sritram and Suntivarakorn [8]. They found that the runner
equipped with 50% insulating plates at the top and bottom of the runner has an efficiency reaching 43.83%.
Sritram et al. [7] studied the effect of turbine materials made of steel and aluminium on the efficiency of a
vortex hydroelectric power plant. Their experiments revealed that the maximum efficiency of steel and
aluminium turbines is 33.56% and 34.79%, respectively. The torque of the aluminium turbine is higher than
that of the steel turbine at approximately 8.4%. Ullah et al. [17], [18] investigated the use of runners in more
than one stage in vortex turbines. Specifically, they used a three-stage independent (multistage independent)
runner with a telescopic shaft. Gautam et al. [19] also studied the effect of vortex turbine power by
combining several runners on the same shaft. They found that combining the vortex turbine runners into
multiplied runners increases the efficiency of the vortex turbine. Experimentally, the power generated by the
multiplied runners is 6% greater than the power generated by the single runner. Several studies have also
attempted to use conical basins to increase efficiency [3], [17], [18], [20]. Vortex turbines with conical basins
create greater power than cylindrical basins. A basin with a logarithmic spiral chamber wall is required for
the velocity field to facilitate a transition to an asymmetric distribution of the inlet [21].

The approach on the runner shape optimisation for a vortex turbine is the main problem to be
investigated in this study. The numerical optimisation of the performance of the vortex turbine runner profile
is conducted using a surface vorticity algorithm to minimise losses to the hydrofoil. Furthermore, the design
validation is carried out using computational fluid dynamics (CFD) analysis Ansys CFX to determine water
turbine performance. Finally, a vortex turbine prototype with a net head specification of 0.09 m, 400 rpm and
water flow rate of 3 I/s has been constructed and tested in the laboratory.

2. MATERIALS AND METHODS
2.1. Gravitational vortex water turbine architecture

A vortex turbine utilises a whirling fluid (a vortex) as an energy intermediator. For example, river
water flow can be directed through the inlet into a carrier channel on the side of the river and find a vortex
tank/basin. The vortex tank, which also functions as the turbine housing, has a circular hole at its bottom. The
water that comes out from the bottom hole of the vortex tank is redirected into the river through the outlet
channel [5], [16], [21]. The working principle of the vortex turbine is as shown in Figure 1. The mathematical
concepts related to the flow motion and rotational force in the vortex turbine are governed by the circulation
parameter (1) given by (1),

I'=2mruvg 1
where r is the distance from the centre of rotation (metre), and vy is the tangential velocity of the fluid at
angle 9 (m/s) [22].
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Figure 1. Architecture of gravitational vortex water turbine [23]

The tangential velocity (vg) in the vortex flow pattern is related to a function of the radius and
viscosity [24]. The vy at the inlet of the generator (inlet to the basin) is determined using the continuity (2)
and (3).
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where b is the width of the inlet channel, and hj, is the water depth at the inlet channel [25]-[27].

The (3) explains that the vortex strength is highly dependent on the geometric parameter rin/b, which
is denoted as a. When « increases, rin increases or b decreases. If a decreases, then ri, decreases or b
increases [25]-[27]. The smaller the inlet width, the higher the efficiency of the vortex turbine [28], [29].

Power et al. [5] revealed that the mechanical power output of the water turbine depends on the
magnitude of the torque generated by the turbine shaft and depends on the speed of the turbine runner (o).
The input power (Pin), turbine torque (T), output power (Poy) and turbine efficiency (7) are calculated using
(4) to (8) [5], [30]. # increases along with the increase in w and T, where the amount of T is affected by the
force of the water/force (F) hitting the runner at a certain radius (r).
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2.2. Turbine runner construction

A propeller-type turbine runner is used because it is suitable for VLH applications [31]-[33]. Dietzel
[34] explained that the smaller the available head, the fewer the turns of water flow that goes through the
runner, and the propeller-type runner has less curvature. In addition, the advantage of the propeller turbine is
having a high rotation speed, so that the turbine construction can be made small and can be coupled directly
to the generator, thereby reducing mechanical transmission losses [34].

The initial data used in the design of the gravitational vortex turbine components are head (m), water
discharge (m®/s) and turbine rotation (rpm). The first step in designing turbine components is determining the
value of turbine specific speed (nq) by using (9). Specific speed is the number of rotations of the turbine
runner working at a water head of 1 m and a water discharge of 1 m3s [34]. Furthermore, the main
dimensions of the gravitational vortex turbine are calculated using (9) to (15) [34].
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Z

where nq is the specific turbine speed (rpm), n is the turbine speed (rpm), Q is the water discharge rate (m%/s),
H is the net head (m), D; is the runner outside diameter (m), vy is the water tangential velocity, Dy is the hub
diameter (m), A is the runner cross-sectional area (m2), Dw is the diameter of the runner (m), B is the total
runner width (m), | is the distance among runners (m), and Z is the number of runner blades.
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2.3. Surface vorticity modelling

Surface vorticity modelling is an integral method of surface vorticity, which is used to analyse fluid
flow. The surface vorticity model can handle potential flows for any situation, including lifting objects, and is
the most natural modelling of boundary integral techniques. This modelling offers advantages over the
turbine runner profile, which is actually a direct simulation of an ideal fluid flow [35]. The fluid flow that
passes through a 2D (x, y) water turbine runner profile, with uniform flow velocity w., and slope angle £., is
analysed using the surface vorticity model. The runner exit angle (8,), which is the output of the surface
vorticity model algorithm, is used to calculate the new stagger angle ().

2.4. CFD

CFD is used to predict fluid flow, heat transfer, chemical reaction and other phenomena by solving
mathematical equations to produce 3D data. The main advantage of CFD is the ability to quickly produce
results at a low cost, which makes it suitable for optimisation processes [36], [37]. However, CFD also
requires rigorous quantitative validation by physical models before being used because the results from CFD
can be higher than the real experimental conditions [37]-[39]. Numerical simulations are carried out using
Ansys CFX, which works using the finite volume method on object elements with a 3D water turbine runner
model. The used parameters are reference pressure at 1 atm and turbulence model of shear stress transport.
The boundary conditions at the inlet use the total pressure, whereas those at the outlet use static pressure. The
turbulence numeric is set at a high-resolution type with double precision. Due to the axis-symmetrical runner
shape, this study uses turbo mode with one propeller blade model.

2.5. Laboratory and experiment set-up

The performance test of the vortex turbine is carried out in the laboratory using a set-up, as
illustrated in Figure 2. The circulation pump draws water from the storage tank and flows it into a rectangular
intake channel. Water flows through the channel into the basin opening area. The runner is located in the
centre of the basin, whereas the outlet hole is located in the centre bottom of the basin. Torque and angular
velocity are measured on the turbine shaft. Continuously, water is circulated from the storage tank to the
basin and back to the storage tank. The circulation pump is manageable using an inverter to adjust certain
water discharges that enter the basin. The head is measured at the end of the rectangular intake channel
before entering the basin. Shaft rotation is measured using a digital light-emitting diode (LED) tachometer
with a proximity switch as a transducer. Shaft torque is measured using a torque metre to define the output
power from the turbine shaft.
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Figure 2. Experimental set-up for the gravitational vortex water turbine
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In each test, the water discharge rate is regulated using an inverter and is recorded along with the
head, flow rate, torque and no-load shaft rotation. Furthermore, the load on the torque metre is gradually
increased. At the stable condition, the torque and shaft rotation are measured. The load on the torque metre
continues to be gradually increased until it reaches the maximum torque when the shaft rotation is equal to
zero. The specifications for the main measuring tools are shown in Table 1.

Table 1. Instruments for the measurements on turbine performance
Measurement devices Type Specification
Ultra sonic flow meter TUF2000H Liquid Tester Meter 50 to 700 mm
Linearity: 0.5%
Accuracy: more than 1% for velocity above 0.2 m/s

Torque Tester Lutron TQ-8800 Range: 0.01-15.00 kg-cm
Tachometer Hioki FT 3405 Range of 0.5000 r/s-99990 r/min
Vernier calipers Mitutoyo, analog, 150 mm Accuracy 0.05 mm

3. RESULTS AND DISCUSSION

This study uses a propeller-type turbine runner because it can mostly operate at the VLH to medium
heads [31]-[33]. The turbine is constructed at a laboratory scale with a specification; net head of 0.9 m,
velocity at 400 rpm and water discharge rate of 3 I/s. The design of the main turbine dimensions and the basic
shape of the runner profile use a speed triangle analysis approach on a 2D profile and is calculated using
(9)-(15). The calculation result shows that the maximum power of the turbine is 2.3 W, the specific speed is
133 rpm, the outer diameter of the runner is 94.9 cm, and the diameter of the hub is 47.5 cm. The runner is
designed to consist of five blades.

3.1. Turbine runner optimisation

In this study, an analysis of the runner profile is conducted in a 2D water turbine because of the
advantages of computing speed compared with a complex 3D analysis. Potential flow analysis using a
surface vorticity algorithm coded in MATLAB is carried out, so that losses in the runner profile are
minimised. The output of the optimisation algorithm is to determine the optimal amount of runner angle at
the water exit (B,) to derive the stagger angle (&). The vortex turbine runner is designed to comprise five
profile segments where the profile closest to the hub is segment 1, the middle of the runner is in segment 3,
and on the outside of the runner is segment 5. The difference in the stagger angles of the initial and optimised
runners using the surface vorticity model algorithm is shown in Table 2.

As presented in Table 2, the initial stagger angle (& initiai) OF Segment 1 is 47.48°, and the optimised
stagger angle (& optimised) 1S Mmade to be upright to 23.71°. In segment 2, the difference between the stagger
angles (A¢) of the initial and optimised runners is about 8°. In segment 5, the stagger angle of the optimised
runner is designed to be slightly larger than that of the initial runner. As a result, both runner designs have a
moderately increased stagger angle from segment 1 to segment 5.

Table 2. Stagger angle optimisation on each runner segment
Segment  Stagger on initial runner  Stagger on optimised runner  Stagger difference

& initial & optimised AL
1 47.48 23.71 23.77
2 58.99 50.91 8.08
3 65.48 62.17 3.31
4 69.64 68.33 131
5 72.56 73.01 -0.45

3.2. Turbine runner construction

The vortex turbine runner is made using a 3D printer with resin material. The hub section is made
separately from the runner to make it easy to install and replace. The propeller-type runner with five blades
has an outer diameter of 9.45 cm and a hub diameter of 4.75 cm. The prototype of the vortex turbine runner is
shown in Figure 3. The optimised runner design as shown in Figure 3(a) while the optimised runner design
which has a more upright profile is shown in Figure 3(b).

3.3. CFD analysis
This section discusses the CFD analysis on the turbine runner only, which is designed to have five
blades. The runner blade design is modelled using the Ansys design modeler set in turbo mode because the
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runner shape is axis-symmetrical. Turbo mode conducts modelling with one propeller blade model, so that it
will speed up the simulation process. The meshing process is initiated using Ansys turbo grid facility with
hexahedral structured mesh elements, followed by determining the grid boundary conditions. The details of
boundary and continuum conditions to define inlets, outlets, runner blades, hubs and shrouds are presented
using CFX-Pre. CFD simulations are conducted on the initial and optimised runners. Both runners are
simulated to define the shaft power and then the efficiency. The first CFD simulations are carried out in
accordance with various rotational speed variations ranging from 300 to 500 rpm. These limits are in
accordance with the specific speed range of the turbine propeller at a predetermined design head and
discharge. The second CFD simulations are performed in accordance with variations of water discharges
from2to 5 I/s.

(b)

Figure 3. Prototype of the turbine runner (a) initial runner design and (b) optimised runner design

3.3.1. CFD analysis on the runner performance to the rotational speed variation

The first CFD analysis is conducted in correspondence with the rotational speed variation (rpm).
Figure 4 shows how the shaft power of both runners react to the increase in rotational speed, whereas
Figure 5 illustrates the efficiency of both runners in accordance with the increase in rotational speed. The
CFD analysis shows that the shaft power of both runners has the same trend; their shaft power increases as
the rotational speed increases until it reaches maximum power and decreases even when the rotational speed
continues to increase. The optimised runner has a greater shaft power at about 0.72% than the initial runner at
a rotational speed of 400 rpm. The efficiency curve line in Figure 5 displays that the efficiency decreases as
the rotation speed increases. These results strengthen the previous findings in the research conducted by
[12], [15], [40]-[43].
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Figure 4. CFD analysis on shaft power to the Figure 5. CFD analysis on efficiency to the
rotational speed variation of the initial and rotational speed variation of the initial and
optimised runners optimised runners

3.3.2. CFD analysis on the runner performance to the water discharge variation

The second CFD analysis is conducted to determine how the optimised runner reacts to the water
discharge variation. The simulation is determined to vary the water discharge from 2 to 5 I/s. Figure 6 shows
the shaft power analysis on both runners in responding to the increase in water discharge, whereas Figure 7
illustrates the efficiency of both runners when the water discharge increases. Figures 6 and 7 explain that the
shaft power and efficiency of both types of turbine designs have the same trend, which has been increasing
along with the increase in water discharge. At a discharge rate of 2 I/s, the initial runner has a slightly larger
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shaft power than the optimised runner. At a discharge of 2.5 I/s, both runners produce the same shaft power.
However, at a discharge rate of 3 to 5 I/s, the optimisation turbine results in a large shaft power as shown in
Figure 6. The analysis result is the same as that described by previous researchers [12], [42], [44]-[46].

Figure 7 shows that the optimised runner has a better efficiency than the initial runner, and such
efficiency is retained across all water discharge variations. At the point design, namely, at 3 I/s water flow,
the optimised runner has 76.4% efficiency, which is 2.6% higher than that of the initial runner. The graph of
the water discharge level and efficiency curve of the turbine alone is validated similar to Sritram et al. [7] and
Rahman et al. [28].

3.1 79
29
—~ 78
g7 g
o = 77
525 5
z £ 76
£ 23 2
E 2.1 g 7
“ 19 74
1.7 73
2 2.5 3 3.5 4 4.5 5 2 2.5 3 3.5 4 4.5 5
Water Discharge (1/s) Water Discharge (1/s)
==& =-Initial runner ——e=— optimized runner =-=&=-[nitial runner —®— optimized runner
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3.4. Experimental testing on the vortex water turbine

The experimental testing is performed in a laboratory-scale water turbine prototype, as described in
Figure 2. The experiment compares the initial and optimised runners, which are installed in the turbine shaft
where the top of the runner is parallel to the floor of the basin. Therefore, upper and lower heads are
considered in this experiment. The lower head is measured from the floor of the basin to the centre of the
runner, the upper head is the water level in the inlet channel measured to the bottom of the basin, and the
total head is the sum of the lower and upper heads.

The optimised runner is physically higher than the initial runner. Therefore, their low heads are
different, 1.5 and 1.15 cm, respectively. The initial runner with a water discharge of 3 I/s shows the inlet
reading of the water level (upper head) of 17.5 cm, the total head is 18.65 m, and the electric power potential
is approximately 5.47 W. Meanwhile, the optimised runner with a water discharge of 3 I/s shows the inlet
reading of the water level (upper head) of 17.4 cm, the total head is 18.9 cm, and the electric power potential
is 5.55 W. Furthermore, the initial and optimised turbine test results are displayed in the form of a shaft
power graph and power torque and finally expressed in an efficiency graph.

3.4.1. Experimental testing on shaft power and shaft torque to the rotational speed

The first experiment is performed to see how the shaft power and shaft torque are affected by a
rotational speed variation. The result will later become the basis of the efficiency calculation. Figure 8 shows
the measured shaft power and shaft torque on both runners at various rotational speeds from 150 to 650 rpm.

The results show that the vortex turbine with the initial runner has a maximum shaft power of
2,170 W, whereas the turbine with an optimised runner has a maximum shaft power of 2,513 W, which is
15.8% higher than the initial runner. At the maximum turbine rotation, when no load is available, the
tachometer reading shows a fairly large value at 661 rpm for the turbine with the initial runner and 646.2 rpm
for the turbine with the optimised runner. At the maximum torque, when the turbine rotation is equal to zero,
the torque metre reads 14.0 Ncm for the turbine with the initial runner and 14.3 Ncm for the turbine with the
optimised runner.

The experiment also confirms that the turbine speed decreases as torque increases. Turbine rotation
decreases drastically if the torque is increased high enough. This sudden decrease in turbine rotation is
caused by a decrease in the vortex height in the basin, so that the vortex power also decreases. This result is
in line with the statement of Khan [14] and Nishi and Inagaki [47] that a decrease in vortex strength causes a
decrease in the angular velocity of the blade. One possible conclusion is that a relationship exists between
turbine shaft power and turbine shaft torque where an increase in shaft torque incites an increase in shaft
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power to the peak point (torque 7.7 Ncm at 269.3 rpm) but will start to decrease if the torque continues
increase. This inverted parabolic curve is in accordance with previous studies [4], [9], [14], [19], [45], [47].
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Figure 8. Laboratory experiment results in shaft power and shaft torque to the rotational speed of the vortex
turbine with the initial and optimised runners

3.4.2. Experimental testing on the efficiency to the rotational speed

The experiments on the efficiency of rotational speed variations have been conducted on both
runners, and the result is illustrated in Figure 9. The efficiency of the turbine with the initial runner has the
highest efficiency of 39.65% when the torque metre reading is 7.7 Ncm at 269.3 rpm. Meanwhile, the
efficiency of the turbine with the optimised runner has the highest efficiency of 45.31%. The efficiency of the
optimised turbine is about 14% greater than that of the initial turbine. This result affirms the statement of
Saleem et al. [6] and Chattha et al. [48] that optimising design parameters can produce a strong vortex in the
air core, so that the turbine efficiency increases.
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Figure 9. Laboratory experiments result in the efficiency of the rotational speed of the vortex turbine with
initial and optimised runners

3.5. Performance analysis vortex water turbine with an optimised runner
In this study, the runner used is a propeller-type turbine runner with a certain stagger angle. By
adopting a propeller-type runner, the turbine efficiency reaches 45.31%. Tangential and axial forces, which
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occur in the vortex turbine basin, can be utilised for energy using a propeller-type runner. Saleem et al. [6]
revealed that the formed water vortex has two main velocity components, tangential velocity and axial
velocity. The tangential velocity component is responsible for the runner vortex movement, and the axial
velocity component is responsible for the axial discharge of water from the hole at the bottom of the basin.
When the runner is mounted vertically on the hub, only the tangential velocity component of the vortex may
be used. However, if the runner is installed at a certain angle, then the water that comes out axially through
the hole hits the runner. Thus, the axial velocity component plays its role in rotating the runner. The shaft
torque increases when the runner is installed at a certain angle of inclination [6].

The experiment results shown in Figures 4 to 9 confirm that the shaft power and efficiency of both
types of turbine designs (with the initial and optimised runners) have the same inverted parabolic curve graph
trend. The shaft power and the efficiency have been increased as the rotational speed increased until they
reach maximum power and efficiency and then decreased as the rotation continues to increase.
Power et al. [5] revealed that the mechanical power output of the water turbine depends on the magnitude of
the torque generated by the turbine shaft and the angular speed (w) of the turbine.

4.  CONCLUSION

This research has optimised a turbine runner by using the surface vorticity algorithm. The runner is
optimised in five segments at a certain stagger angle. The efficiency and power of the optimised turbine are
increased compared with those of the initial turbine. The performance of the vortex turbine runner can be
viewed by performing CFD analysis on a 3D model with turbo mode. Afterward, the laboratory experiments
are carried out on both runner models (initial and optimised designs) to validate the CFD simulations. The
simulations reveal that the efficiency of the vortex turbine with an optimised runner is increased at about
2.6% compared with the vortex turbine with an initial runner. Moreover, the turbine optimisation results in
great efficiency at all rotational speeds from 300 to 475 rpm. The validation through laboratory testing
suggests that the optimised runner has 45.31% efficiency or about 14% greater than the initial runner, which
has 39.65% efficiency. The laboratory experiment result strengthens the CFD result that the optimised runner
is more efficient than the initial runner. Therefore, the surface vorticity algorithm is successfully deployed as
a tool to improve the performance of the vortex turbine runner.
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