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Being new and not well developed technology, Gravitational Water Vortex Power Plant (GWVPP) needs
optimization either in its structure or runner for enhancing power extraction from low pressure head. The study
is focused on Computational Fluid Dynamics (CFD) analysis of basin and existing runner for GWVPP. The
tapered ratios of the basin were varied with and without changing exit hole and corresponding variations in
flow parameters were observed. The CFD analysis of the existing runner for baseline basin geometry was
performed and found to have a maximum efficiency of 7.93%.

1. Introduction

Electricity supply in rural areas of Nepal remains one
of the most challenging issues due to high
infrastructure cost and losses, lack of road, and poor
returns compounded by constrained government
budgets resulting from geographical profile of Nepal
[1]. So, there is a need for most cost-effective off-grid
renewable energy system for enhancing rural
electrification.

The hydropower plants with higher water pressure are
economically feasible whereas mini and micro hydro
power plant (100-1000 kW) with lower water pressure
(0.70 m up to 2.00 m) are not economical with
conventional turbines [2]. Francis and Reaction
turbines are not suitable when hydraulic head is lower
than 2 m [3]. Kaplan and Pelton turbines can be
scaled down for smaller hydro power plant but
typically limited to hydraulic heads greater than 3m
[4]. Hence, an alternative option to harvest energy
from low head water resources is essential.

Gravitational Water Vortex Power Plant (GWVPP),
under the category of micro-hydro scheme, has been
considered as one of the best technologies for
harvesting electricity from low hydraulic head (0.7 m
to 2 m) using the energy available in vortex flow. For
the very first time, this technology was invented by
Austrian Engineer, Franz Zotloterer while he was
looking for an efficient way to aerate the water in

2007 [5, 6]. In GW VPP, water is channelled through a
large, straight inlet, and then passed tangentially into a
round basin, forming a powerful vortex (whirlpool).
The basin has a hole at the center bottom that acts as
an outlet. A vertical axis turbine is placed at the
centre of vortex which withdraws rotational energy
from gravitational vortex. The turbine does not work
on pressure differential but on the dynamic force of
the vortex. This type of power generation system is
suitable in areas with low velocity water flow such as
small rivers and existing agricultural irrigation canals.

1.1 Problem Statement

It has only been a few years since the development of
Gravitational Water Vortex Power Plant system
started. It is a new and not well-developed technology
for power extraction from low pressure water energy
sources. Basin optimization has been very popular
amongst the researchers following its development to
achieve maximum power output. Limited literature
are available on design, fabrication and physical
geometry of vortex turbine and generator [7].

The past studies had found that the parameters
including turbines, inlet height and flow rates have
significant effects on the efficiency of vortex power
plant. Turbine, being most important component of
GWVPP system needs to be optimized for
maximizing power output [6, 8].
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Experimental and more often hit and trial methods are
widely used for designing runner profile. Some latest
studies however have tried in designing runner profile
via understanding the flow pattern inside basin. But
their studies assumed basin top surface as wall during
CFD analysis. These assumptions limit the analysis of
basin in their studies as a completely closed channel
analysis thereby deviating from actual conditions. As
basin top is open to atmosphere, it is therefore
necessary to analyze the basin with top surface open
so that an interaction with atmosphere can be taken
into consideration.

This study is focused on CFD analysis of basin and
existing runner for baseline basin geometry ensuring
that the top surface of basin is open to atmosphere
resembling to actual conditions.

1.2 Related Works

The study of [9] recommended for helical turbine steps
with hydrofoil profile. The study further showed that,
due to large variation along the peripheral velocity,
there is a need for twisting blade.

The experimental study by [8] found that maximum
energy can be extracted when the runner is placed near
outlet and these results were validated with theories.

An experiment was performed by [10] and found that
the conical basin has greater vortex strength than that
of cylindrical basin. Greater efficiency was found at
the bottom most position and agreed with the results
of [8]. Smaller number of blades produces greater
efficiency while increment in blade radius decreases
the efficiency of turbine. The maximum efficiency
recorded was 25.36%.

Similarly, experimental study of [6] found that the
optimal position of turbine is 65% to 75% of
GWVPP’s height and verified that the conical basin
has higher overall power output with a maximum
efficiency of 36.84%.

The efficiency was found to increase with increase in
number of blades in the experimental study performed
by [11]. This finding however goes against the results
of [10]. This indicate that there might be an optimal
number of blades for turbine. The maximum efficiency
of the vortex power plant was found to be 15.1%.

A free vortex power generation system model was
designed and tested by [2] under different water
pressure and turbine parameters at Material and
Mineral Research Unit Laboratories, Faculty of

Engineering, University Malaysia Sabah. The study
concluded that the tangential velocity at the vortex
free surface was highest for 0.12 m water head and
maximum efficiency of about 43% was achieved with
three blades and 0.027 m turbine outer diameter. Also,
the study found that in case of vortex power
generation system the maximum hydraulic efficiency
was recorded when the turbine rotating speed was half
of the vortex tangential velocity. A very week relation
is observed between turbine speed and hydraulic
efficiency.

The study on runner of the GWVPP with conical
basin was performed by [12] to improve its efficiency.
The study takes into consideration of different runner
parameters like impact angle, inlet and outlet blade
angle, number of blades, taper angle of blades, surface
area of blades, blade profile etc. The study was
carried out with the assumption that only impulse
action of the water is responsible for the rotation of
the turbine. Twenty different runners have been
developed computationally and tested experimentally.
The impact angle, inlet and outlet blade angles,
number of blades, tapered angle for conical profiles
were optimized. A linear relationship of power output
with flow rate were formulated both computationally
and experimentally.

The study of [13] focused on the optimization of the
runner to improve the efficiency of the GWVPP. CFD
analysis was carried out on three different designs of
runner with straight, twisted and curved blade profile.
The ANSYS CFX was used to analyze the fluid flow
through the channel, basin, turbine hub and blade
whose results were used for evaluating the efficiency
of each runner. The study found that the curved blade
profile had higher efficiency with peak efficiency
82.4% compared to 46.31% for the straight blade
runner and 63.54% for twisted blade profile.
Experimental analysis showed the peak efficiency
point of 71.01% at 0.5 m head for curved profile
runner. The assumptions for the study was similar to
that of [12] i.e., only the impulse action of flow was
considered.

A review paper by [7] presented with the past
literatures related to GW VPP suggested that there is a
need for optimized shape of basin and blade profile to
achieve maximum efficiency.

2. Methodology
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2.1 Analysis of Conical Basin
2.1.1 Baseline Geometry

The conical basin as suggested by the study of [6, 10]
was selected during this study and is shown in Figure
1.
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Figure 1: Selected basin with major dimensions

The basin has inlet canal length of 1200 mm and inlet
canal height of 400 mm. The basin was modeled in
CATIA V5R20 and then imported to ANSYS CFX for
CFD analysis.

2.1.2 Governing Equations

The governing equations include the following
conservation laws:

Continuity Equation

L +div(pu) =0

> (1
Momentum Equations

Du  d(—p+7Ty)  9dTyn  JdTx
D= o 2y + 5. +8ux (2)
Dv dt, Jd(-p+7,) T,

PE = o ay + 9z +SMy (3)
Dw N afxz a’L-yz a(—p—{— Tzz)

PDr = ox dy + dz +Suz (9

where, u, v & w are the velocity components along x,
y & z axis respectively, p is a compressive stress, T is

a tensile stress, Sy, is the body forces and D% is total
derivative.

2.1.3 Physics Setup for Conical Basin

The analysis was based on multiphase Eulerian fluid
approach where two fluids, air and water, occupy same
domain. The temperature of the domain was set to
25°C and the reference pressure is set to 1 atm. The
buoyancy reference density was set to the density of
air at 25°C which is equal to 1.2 kg/m>.

The built-in fluid models were used for both fluids. In
the production of air-core vortices, the buoyancy plays
a vital role, therefore, buoyancy was also included in
the analysis. Turbulence model used was RNG k-¢
[6, 12] as it is more suitable for the simulation of air
core vortices due to great curving streamline flows
[14]. The boundary conditions used for analysis of
conical basin is shown in Figure 2.

Top Surface & Air In
- Boundary Type: Opening
- Opening Pressure and Direction with
Relative Pressure 0 [Pa]
- Turbulence Option: High (Intensity =
4.

10%) L
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+ - Water In
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> (Intensity = 10%)
L wall
X / - Boundary Type: Wall
~— - No Slip Wall, Smooth wall
Outlet

- Boundary Type: Qutlet

- Average Static Pressure with Relative
Pressure of 0 [Pa]

Figure 2: Boundary conditions for basin analysis

The model included advection scheme as “High
Resolution” and turbulence numeric was “High
Resolution”. Timescale was set to “Physical
Timescale”. The number of iterations was set to
100000 with a residual target of 0.0001.

2.1.4 Physics Setup for Conical Basin with

Runner

The setup was similar to basin analysis. The buoyancy
was also included in the analysis.The RNG k-¢
turbulence model was used.The basin domain was
fluid domain and stationary domain. The runner being
the rotating component in the assembly, the runner
domain was rotating fluid domain and its rotational
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speed was input parameter for the analysis. The water
inlet velocity was fixed at 0.25 m/s. The boundary
conditions used for analysis of conical basin with
runner is shown in Figure 3.
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Figure 3: Boundary conditions for runner analysis

2.2 Mesh Independence Study

Prior to performing final CFD simulations for a
problem, it is necessary to carry out mesh independent
study to make sure that the solution is independent of
the mesh resolutions. This allow us to reduce the
mesh size without losing accuracy and, therefore,
reducing the computational effort.

Seven different mesh sizes with the number of
elements varying from 112954 to 1039630 were used
for mesh independence study. Torque acting on the
wall of conical basin was observed. The graph was
plotted between number of elements and torque as
shown in Figure 4.
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Figure 4: Mesh independent study for basin

As depicted in figure, when the number of elements
were higher than 813080, the torque on the conical
basin wall became nearly unchanged and remained
within 3.15% of value than when the elements number
was 1039630. Hence total 813080 was used for all
subsequent computations.

2.3 Canal Length Independent Study

Five different simulations were carried out by varying
the length of canal in the range from 880 mm to 3000
mm. The torque acting on the conical basin wall was
considered as key parameters. The mesh density was
used in proportion for longer canal length as obtained
from mesh independent study. The graph was plotted
between canal length and the torque as shown in Figure
5.
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Figure 5: Canal length independent study for basin

The figure showed that, increasing the length of canal
has no significant effect on the torque developed. So
for the entire study, the canal length was chosen to
1200 mm as no significant changes were observed in
the developed torque.

2.4 Effect of Air Domain Height

The inlet canal heights for the basin were varied
keeping water portion height constant at 200 mm. The
air portion heights were increased from 0 mm to 400
mm and then corresponding torque developed on the
conical portion of basin was observed. The graph was
plotted between air domain height and the torque as
shown in Figure 6.
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Figure 6: Air domain height independence study for
basin

It was observed that changes in developed torque when
the air domain heights were 200 mm and 400 mm were
almost constant. Hence, air domain height of 200 mm
was considered for further study.
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3. Results and Discussions

3.1 Effect of Tapered Ratio with Constant
Outlet Area

The diameter of the exit hole of the basin was kept
constant of diameter 60 mm while the tapered ratio of
the basin was varied by varying cone bottom diameter
in steps of 60 mm, 100 mm and 150 mm as shown in
Figure 7.
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Figure 7: Basin with fixed outlet diameter and
bottom cone diameter of (a) 60 mm (b) 100 mm & (c)
150 mm

Air Volume Fraction

Air volume fraction was observed in a longitudinal
plane that lied along the center of the inlet canal
length. The air volume fraction for different bottom
cone diameters are shown in Figure 8.
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Figure 8: Variations in air volume fraction for fixed
outlet diameter and bottom cone diameter of (a) 60
mm (b) 100 mm & (c¢) 150 mm

It was observed that, a conical region of the air was
formed. This may be due to the presence of both fluid
i.e., air and water in the same domain. However, with
increase in bottom cone diameter, a slight reduction
in the depression of air region were observed. The air
region throughout the conical basin started to vanish
with increasing bottom cone diameter.

Water Volume Fraction

Water volume fraction was observed in a transverse
plane that passes through the central axis of the conical
basin. The water volume fraction for different bottom
cone diameters are shown in Figure 9.
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Figure 9: Variations in water volume fractions for
fixed outlet diameter and bottom cone diameter of (a)
60 mm (b) 100 mm & (c) 150 mm

The reduction in the depression of air region with
increased bottom cone diameter resulted in increasing
water region throughout the conical basin portion.

3.2 Effect of Tapered Ratio with Varying
Outlet Area

The diameters of the basin exit hole were varied as 50

mm, 60 mm, 70 mm and 80 mm as shown in Figure
10.
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Figure 10: Basin with varying outlet diameter of (a)
50 mm (b) 60 mm (¢) 70 mm & (d) 80 mm

Air Volume Fraction

The air volume fraction for different exit hole
diameters are shown in Figure 11.
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Figure 11: Variations in air volume fraction at exit
hole diameter (a) 50 mm (b) 60 mm (c) 70 mm & (d)
80 mm

Here, it was observed that, increasing the outlet
diameter of the basin resulted in the formation of
dense conical region of air and extending upto the exit
hole of the basin.

Water Volume Fraction

The water volume fraction for different exit hole
diameters are shown in Figure 12.

WaterVolume Fraction
. 1.000e+000
9.000e-001
8.000e-001
7.000e-001
6.000e-001
5.000e-001
4.000e-001
3.000e-001
2.000e-001
1.000e-001
1.000e-015

'

(@) (b) © @

Figure 12: Variations in water volume fractions at
exit hole diameter (a) 50 mm (b) 60 mm (c) 70 mm &
(d) 80 mm

As the exit hole diameter was increased, air region
depression started to dominate water region throughout
conical basin thereby reducing the water portion inside
the basin. This may be be due to lower velocity of
water through the inlet canal and resembles to pouring
of water in the vessel.

3.3 Performance Evaluation of Existing

Runner

The CFD analysis of the existing runner for baseline
geometry was performed. The speed of the runner
was varied from 55 rpm to 76 rpm and the
corresponding torque and power developed by the
runner blades were obtained as shown in Figure 13
and Figure 14 respectively.
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Figure 13: Variations of torque with speed of runner
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Figure 14: Variations of power developed with speed
of runner

As depicted in the figure, the maximum power of 2.373
watt was developed by runner at 68 rpm.

The formula for determination of input power is given
by

P=pgHQ

Here,

P = Input power ,

p = Density of water = 1000 kg/m?,

g = Acceleration due to gravity = 9.8 m/s?,

H = Head upto runner mean height = 0.305 m &
Q = Flow rate = 0.01 m3/s.

The input power was calculated to be 29.9205 watt.
The efficiency of the runner was then calculated for
different runner speed as shown in Figure 15.
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Speed Vs Efficiency
20.00%
- 15.00%
£
oy
£ 10.00%
=
2 A_—_*-____ﬁ_%
g
= 5.00%
0.00%
50 55 60 65 70 75 80
Speed (rpm)

Figure 15: Efficiency of runner at different runner
speed

As can be seen in figure, the maximum efficiency of
7.93% was observed when the runner speed was 68
rpm.

4. Conclusions

The GW VPP basin was analyzed by varying tapered
ratios with and without changing exit hole diameter

and corresponding flow parameters were observed.

The CFD analysis of the existing runner for baseline
basin geometry was performed and found a maximum
efficiency of 7.93% with maximum output power of
2.373 watt at 68 rpm.

5. Recommendations

The number of blades in the study has been limited
to three which can be changed for achieving more
efficiency. The runner can be designed by varying
different basin structure and the comparative study on
the efficiency of the runner can be done. Further, the
results can be validated from experimental analysis of
the runner.
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