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Abstract. Gravitational Water Vortex Turbine (GWVT) has the advantage of
harnessing hydro flow energy from the low head. Several research have been
conducted to optimize the performance of this turbine type, one of which is by
applying multistage rotor. This work is to study the effect of gap placement and
phase shift angle between stages that have not been clarified in other works. The
result showed that the highest mechanical efficiency belonged to the rotor with
gap on the top stage while the implementation of phase shift angle between stages
lowers the performance of the rotor.
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1 Introduction

For decades, renewable energy has become an alternative of fossil energy which is al-
ready less and less. Indonesia is one of the countries that great potential of renewable
energy source, which is around 443 GW, including geothermal, water, micro-mini hy-
dro, solar, and ocean wave. The second biggest potential of renewable energy source in
Indonesia after solar is water and micro-mini hydro which is around 94.4 GW. From
this big potential, only 5 GW is already harnessed per 2017 even though water and
micro-mini hydro have better possibility of stability to produce electricity than solar
[1].

Geographically, one of the water areas in a land that is close to the residential areas,
either city or village, is river. Based on the data of Central Bureau of Statistics Republic
of Indonesia, rivers in Indonesia have range of debit between 1 and 274 m3/s, with the
average debit of 34.69 m3/s per 2015. Furthermore, the potential head of majority of
rivers in Indonesia is around 0.12 — 10.21 m, with the average value of 1.63 m[2].
Therefore, hydro turbine systems that can operate in relatively low head and debit are
required to give bigger chance of electricity accessibility to the local communities.

Based on the rotational axis, hydro turbine can be classified into Vertical and Hori-
zontal Axis Hydro Turbine. In general, Vertical Axis Hydro Turbines have advantages,
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such as the generator can be put on the water surface and can be directly driven by the
shaft. Moreover, due to its vertical axis design, this type of turbine can be combined
with other types. For this reason, the tendency to utilize this technology in rural areas
that do not have accessibility to the electricity grid in developing countries is quite big.

One of Vertical Axis Turbine types that is still researched and developed is Gravita-

tional Water Vortex Turbine. This type is a system whose electricity is generated by
the help of water centrifugal flow which is formed by making a hole in the center of the
bottom of a vortex pool. Theoretically, this turbine system combined with a generator
can produce electricity on low potential head.
The development of this turbine system type is still conducted through research, some
of which are in the topics of shape and material of basin and rotors. Sritram et al inves-
tigated the effect of number of rotor blades and addition of rotor endplates to the turbine
performance [3]. Nishi et al used blade shape that has straight swept area. Kueh et al,
in their research, applied the straight blades whose bottom part is curved to their turbine
system [4]. Meanwhile, Dhakal et al conducted research of the three various blade
shapes: straight, twisted, and bent [5].

Another approach to harness more energy from this turbine type is by applying rotor
with more than one stage. Ullah et al did research about the multistage curved rotor and
investigated the performance of each stage independently by using telescopic hub [6]
[7]. They found that triple-stage Gravitational Water Vortex Turbine (GWVT) provides
more power than single-stage GWVT due to the strengthened vortex in the vicinity of
each other. Moreover, they found that there was effect of rotor to basin diameter ratio
to the performance of the rotor, and rotor with rotor to basin diameter ratio of 0.6 has
the best performance [7]. Meanwhile, the best investigated offset distance between each
rotor was 0.11 m [6]. They applied a telescopic shaft to measure the generated mechan-
ical power independently between each stage. This, however, might add weight to the
rotor that needs to be rotated by the fluid as well as the complexity to the manufacturing
process. Dahal et al investigated the effect of adding booster runner with different blade
numbers and inclination angle on the bottom part of shaft thus they only used double
stage for rotor configuration [8]. They found that the booster runner with 5 blades or
inclination angle of 32° has the best performance among all [8]. One of the disad-
vantages that may arise is that the water vortex formation in the area of lower stages
can be distorted from the impact of water to the upper stages which results in the de-
crease tendency of power generation [6]. Thus, rotor shape and configuration are some
important aspects in the performance of multistage GWVT.

There is a research conducted by Khan et al which concluded that the crossflow-
profile turbine exceeded conical, curved, and twisted model in terms of efficiency [9].
The profile of the crossflow turbine includes the gap on the rotor. Another similar in-
vestigated approach in a conventional Savonius turbine is by applying gap to the rotor
whose width is measured by means of blade diameter. This gap is called overlap ratio.
This has already proven to be effective in increasing the efficiency of the rotor. Mean-
while, in a conventional multistage Savonius rotor, another approach to increase its
efficiency is applying phase-shift angle between each stage [10], [11]. The aforemen-
tioned factors might be used as the alternative shape and configuration to affect the
performance of the multistage rotor of GWVT, but they have not been clarified and
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studied yet on the multistage rotor of GWVT. Therefore, the aim of this research is to
investigate the effect of adding curve, the gap, and varying phase-shift angle of the
multistage GWVT rotors to the performance.

2 Methods

This research refers to the previous studies, in which the optimum ratio of orifice diam-
eter to the basin total diameter is 14-18%, or it is 14.6% in this study. The 3D-designed
and manufactured product of the GWVT is shown in Fig. 1 while the parameters of the
design are shown in Table I. The material used for basin and rotor is steel with the thick-
ness of 0.8 mm.

Table 1. Dimension of Gravitational Water Vortex Turbine System of Experiment
Setup

Parameter Dimension
Channel Length 880 mm
Channel Width 200 mm
Channel Height 200 mm
Channel Notch Angle 10°

Basin Total Height 900 mm
Basin Notch Angle 16°

Basin Total Diameter 480 mm
Basin Orifice Diameter 70 mm

The rotor is configured as three stages with the offset between each stage is 81.9
mm or 11% from the total height of the basin. Each stage is connected by a single shaft
that has diameter of 25.4 mm and total length of 1200 mm thus each rotor stage was
kept rotating in a simultaneous rotation. The ratio of rotor diameter to the basin diam-
eter was 0.6 which was recommended in the study by Ullah et al [7]. The full setup of
experiment, including design, manufacture, and dimension illustration are shown in
Fig.1, noting that all dimensions shown on the sketch is in mm.

(2) (b)
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Notes:

a: Water Pump

b : Water Channel

c: Rope Brake Dynamometer
d : Rotor and Shaft

e : Conical Basin

f: Water Reservoir

(©
Fig. 1. Experiment Setup (a) Design (b) Manufacture Result (c) Dimension Illustration

. The design of the experiment is explained in Table II where n, T, Py, and #,, are
rotor rotation speed, rotor torque, output rotor mechanical power, and mechanical
efficiency respectively. The input flowrate of the water from the channel (Q), radius
(R) and height (H) of each rotor and the distance (d) between each stage was kept
constant as shown in Fig. 1. The first experiment was conducted to investigate the effect
of applying gap to the curved blade. The curved profile of the blade was chosen based
on the previous study by Ullah, et al [7]. In this study, they stated that the curved blade
had the better performance than the flat blade. Meanwhile, the ratio between gap
applied to the blade and the highest diameter of each blade in each stage was 20%.
Furthermore, in this scenario, the gap was applied either on the first stage, the second
stage, or all stages of the rotor. The gap was not applied to the bottom stage under the
assumption that it was not needed to reduce the distortion on the bottom stage as the
vortex flow reached the outlet of basin afterwards. The second experiment was carried
out to investigate the effect of applying shifted angle between each stage of the rotor,
especially on the rotor with the gap on all stages as the reference. The angle shift which
was used was +30° (along the direction of water vortex rotation) and -30° (against the
direction of water vortex rotation). The design of the various rotor scenario was shown
in Fig. 2.

Table 1. Design of Experiment

Input Parameter
Output Pa-
No Independent Varia- Controlled Varia-
rameter

ble ble
| A ‘Gap Placement Po- RUH.Q.d n, T, Prowor,

sition Hm
5 Phase-Shift Angle R.H.Q.d n, T, Protwor,

between Stages Nm
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Fig. 2. Various Design of the Utilized Rotor (a) Rotor Without Gap, C1 (b) Rotor With Gap on Top Stage,
C2 (c) Rotor With Gap on Middle Stage, C3 (d) With Gap on All Stages, C4 (e) Example of Manufacture
Result (f) Rotor With Gap on All Stages and Shifted Angle of +30°, CS, and -30°, C6

The water flowrate measurement on the channel was carried out by using an open
channel flowmeter LS300A that was able to measure both flow velocity and flowrate.
Its flow velocity range is 0.01 — 4 m/s. In this experiment, the measured input flowrate
in the channel was 0.0035 m3/s. Furthermore, the torque measurement was done by
using rope brake dynamometer principle whose schematic is shown in Fig. 3. This prin-
ciple uses the addition of the various values of load/mass while reading the measured
value on the digital scale of m; and m,. The difference of the reading of two scales was
then converted to the torque by using (2). Meanwhile, the rotational speed of the rotor
was measured by using a digital tachometer.

Jute Rope
g™~ Big pulley
m, scale

m, scale

Fig. 3. Schematic of Rope Brake Dynamometer on the Experiment Setup

The collected data were then processed to calculate the input hydro power (Ppydro),
output rotor mechanical power (Pnr) by using (1) and (2) respectively, where p, O, g,
I, ®, 1, Fpuitey are density of water (kg/m®), water flow rate (m*/s), gravitation acceler-
ation (m/s?), water head (m), rotation speed of rotor in the unit of rad/s, rotation speed
of rotor in the unit of rpm, and big pulley radius (m) respectively

Phydro = pQgH (1)
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2nn
Protor =wTl = (E) ((ml - mZ)grpulley) ( 2 )
Mechanical efficiency (7,,) was defined as the ratio of output mechanical power
from the rotor and input hydro power.

N = 2Tolor x 100%

hydro

(3)

3 Result and Discussion

Result and Discussions Chapter involves three categories which are the effect of gap
within blades and phase-shift angle of the blades.

3.1 Effect of Gap Placement Position within Blade

The results of the experiment of gap placement position effect to the rotor is shown in
Fig. 3. From that figure, the produced torque in each configuration is inversely propor-
tional to the rotational speed of the rotor. This can be explained as follows. In a gravity
vortex turbine system, rotor rotation is generated by the whirlpool formed when water
exits the outlet basin. In this process, the tangential velocity of the vortex, which is a
conversion of the tangential velocity at the basin inlet, strikes the blades, resulting in
rotor rotation [6]. Placing the concave part of the rotor towards the basin inlet is applied
to direct the flow radially from the outermost part of the blade inward (approaching the
shaft) before moving downward axially (parallel to the rotating axis) or through the gap.
Furthermore, the force that makes the rotor pushed and produces rotor torque comes
from the difference between the tangential velocity of the gravitational vortex in the
initial state of the whirlpool colliding with the blade and the speed of the blade itself [6].
As the blade speed decreases because the load of pony brake dynamometer is increased,
the speed difference is greater, and the produced torque gets higher.

0.35 3

0.3F

0251

0.2F

Torque (N.m)

015

0.1F

*

A

c1

oo c2

Cc3
C4

> w0

* C1

oo c2
Cc3
A

L2 c4

0.05 -
0

50

100

n(rpm)

150

200

ol

0

50

100
n(rpm)

150

200

Fig. 4. Experiment Result of Gap Placement Position Effect on the Rotor (a) Rotor Torque vs Rotation
Speed (b) Rotor Mechanical Power vs Rotation Speed
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Meanwhile, from the graph of Fig. 5, it is noted that the highest mechanical effi-
ciency for all configuration is reached in rotation speed of 100-120 rpm. From both Fig.
4 and Fig. 5, all curves of torque, mechanical power, and mechanical efficiency of C4
are higher than those of C1. Placing multi-stage rotor to the GWVT system can increase
the performance when compared to the single-stage rotor but may cause vortex distortion
to the next-stage rotor at the same time as reported in [7]. This distortion can be reduced
by applying the gap or cross-flow-like shape as reported in [9]. This gap is also used to
direct the flow of vortex from one side of the rotor to another part that faces in the op-
posite direction to support the rotation. Therefore, this results in the ability of the rotor
C4 to maintain quite high torque which is around 0.23 Nm at rotation speed of 112 rpm
thus produces higher Pyo,r and higher #,, which are around 2.67 W and 17.74% respec-
tively than those of C1 which are 2.56 W and 17.01%.
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Fig. 5. Mechanical Efficiency vs Rotation Speed of Rotor with Various Gap Placement Positions

The strategy of applying the gap only on the first stage the rotor (C2) makes the me-
chanical power peak (2.8 W) and mechanical efficiency peak (18.56%) of the rotor
slightly higher than those of C4 on about 112 rpm (2.67 W and 17.74%) but overall
trend of torque-rotation speed and mechanical efficiency-rotation speed between both
variations did not differ much. However, by applying gap on the second stage (C3),
overall mechanical efficiency in each rotation speed decreases a lot even when it is
compared to the rotor without gap at all. This can be seen as the mechanical power peak
and mechanical efficiency peak for this variation are around 1.41 W and 9.38% respec-
tively. This might be explained that, for C3, the distortion of vortex produced by the
first stage decreases the water vortex energy to rotate the rotor, and the energy cannot
be optimally recovered in the second-stage rotor due to less impact area between the
blade and the water.
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4 Conclusion

From this work, it can be concluded that placing the gap on the top stage or on all stages
was able to make the mechanical power peak and mechanical efficiency peak, which
were on around 100-120 rpm, higher than those of the rotor without gap at all. However,
placing the rotor with gap on middle stage lowered mechanical power peak as well as
mechanical efficiency peak due to the distortion and less impact area between blade
and the water on the second stage to recover energy loss.

Furthermore, the implementation of phase shift angle between stages lowers the per-
formance of the multistage rotor without phase shift angle a lot. This proves that this
way is not suitable for multistage GWVT whose flow in each stage has dependency
each other.

Acknowledgment

This publication of this work was funded by Politeknik Negeri Indramayu, Indonesia.

References

1. Y. Saefulhak, T. Mumpuni, and F. Tumiwa, “ENERGI TERBARUKAN: Energi Untuk Kini
dan Nanti-Seri 10 Pertanyaan,” Jakarta, 2017.

2. K. P. Puslitbang Sumber Daya Air, “Rata-rata Harian Aliran Sungai, Tinggi Aliran, dan
Volume Air di Beberapa Sungai yang Daerah Pengalirannya Lebih dari 100 km2, 2015,”
2017.  https://www.bps.go.id/statictable/2017/11/14/1984/rata-rata-harian-aliran-sungai-
tinggi-aliran-dan-volume-air-di-beberapa-sungai-yang-daerah-pengalirannya-lebih-dari-
100-km2-2015.html (accessed Dec. 05, 2020).

3. P. Sritram and R. Suntivarakorn, “The effects of blade number and turbine baffle plates on
the efficiency of free-vortex water turbines,” IOP Conf. Ser. Earth Environ. Sci., vol. 257,
p. 12040, 2019, doi: 10.1088/1755-1315/257/1/012040.

4. Y. Nishi and T. Inagaki, “Performance and Flow Field of a Gravitation Vortex Type Water
Turbine,” Int. J. Rotating Mach., vol. 2017, p. 2610508, 2017, doi: 10.1155/2017/2610508.

5. R. Dhakal, T. R. Bajracharya, S. R. Shakya, and B. Kumal, “Computational and Experi-
mental Investigation of Runner for Gravitational Water Vortex Power Plant,” 2017.

6. R. Ullah, T. A. Cheema, A. S. Saleem, S. M. Ahmad, J. A. Chattha, and C. W. Park, “Per-
formance analysis of multi-stage gravitational water vortex turbine,” Energy Convers.
Manag., vol. 198, p. 111788, 2019, doi: https://doi.org/10.1016/j.enconman.2019.111788.

7. R.Ullah, T. A. Cheema, A. S. Saleem, S. M. Ahmad, J. A. Chattha, and C. W. Park, “Pre-
liminary experimental study on multi-stage gravitational water vortex turbine in a conical
basin,” Renew. Energy, vol. 145, pp- 2516-2529, 2020, doi:
https://doi.org/10.1016/j.renene.2019.07.128.

8. N. Dahal, R. K. Shrestha, S. Sherchan, S. Milapati, S. R. Shakya, and A. K. Jha, “Perfor-
mance Analysis of Booster based Gravitational Water Vortex Power Plant,” J. Inst. Eng.,
vol. 15, no. 3, pp. 90-96, 2019, doi: 10.3126/jie.v15i3.32026.

9. K. N. Hanif, C. T. Ahmad, C. J. Ahmad, and P. C. Woo, “Effective Basin—Blade Configu-
rations of a Gravitational Water Vortex Turbine for Microhydropower Generation,” J.



1000 M. Luthfi et al.

Energy Eng., vol. 144, no. 4, p. 4018042, Aug. 2018, doi: 10.1061/(ASCE)EY.1943-
7897.0000558.

10. D. Mahesa Prabowoputra, S. Hadi, J. M. Sohn, and A. R. Prabowo, “The effect of multi-
stage modification on the performance of Savonius water turbines under the horizontal axis
condition,” Open Eng., vol. 10, no. 1, pp. 793-803, 2020, doi: doi:10.1515/eng-2020-0085.

11. J. Chen, L. Chen, L. Nie, H. Xu, Y. Mo, and C. Wang, “Experimental study of two-stage
Savonius rotors with different gap ratios and phase shift angles,” J. Renew. Sustain. Energy,
vol. 8, no. 6, p. 63302, Nov. 2016, doi: 10.1063/1.4966706

12.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.


http://creativecommons.org/licenses/by-nc/4.0/

	Experimental Study of Multistage Rotor in Gravitational Water Vortex Turbine System with Various Gap Placement Positions and Blade Phase-Shift Angles



