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The generated kinetic energy of a water vortex can be transformed into electrical energy by a Gravitational Water
Vortex Power Plant. Which is a new and green alternative for a conventional power plant that can induce/create a
vortex without great civil construction. Previous studies focus their objective on tank design and vortex formation
inside it (to study the fluid outlet velocity). However, the rotor design is a parameter that affects directly in turbine
performance. The main purpose of this study is to compare numerically with the Ansys software the Savonius turbine
as a Gravitational Vortex turbine rotor with the standard rotor (straight blades). The study showed that the straight-
bladed rotor performed better with a generated torque of approximately 1.1 Nm, compared to 0.6 Nm generated by
the Savonius. In conclusion, it was shown that the design of the rotor for the gravitational vortex turbine considerably
affects its performance, where it can be increased or decreased by up to 30% difference.
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1 INTRODUCTION

The gravitational vortex turbine (GVT) is an alternative to renewable energies. It is a small-scale turbine which
transforms the kinetic energy of the fluid by the formation of a vortex into electrical energy through a generator [1].
Figure 1 exemplifies the operation and parts of the turbine (designated as standard tank). The geometry is configured,
in the direction of flow through an open channel of rectangular section, which leads and stabilizes the flow of water
that has been derived from the river. Then through an eccentric reduction while maintaining the height of the channel,
the flow is accelerated. The Fluid just before entering the upper part of the chamber tank, which is generally
configured as a cylindrical tank with a circular and concentric outlet located at the bottom respect to the level of the
inlet channel. The fluid enters horizontally and tangentially, but due to the circular geometry of the tank and the
difference in level between the entrance and outlet hole of the chamber, a rotation of the fluid is induced with respect
to the exit orifice known as a gravitational vortex, which is form due to the joint action of the gravitational force and
the Coriolis force [2]. For a streamline, the path that the water takes inside the chamber tank can be represented by
a spiral that rotates around the axis of the air core, which is formed by conservation of momentum between two fluids:
water and air in this case.

To characterize the vortex induced by the cylindrical tank, cylindrical velocity coordinates are established,
characterized by tangential velocity, radial velocity, and axial velocity component. For a streamline that enters the
cylindrical tank from the inlet channel, initially the tangential velocity component predominates over the dynamics of
the flow, which increases as it approaches the center of rotation of the fluid, guaranteeing the conservation of mass
inside the chamber. This increase in tangential velocity represents an opportunity for the transfer of rotational kinetic
energy towards the rotor shaft, which is made up of a number and geometry of blades defined according to the
conditions of the velocity field present inside the turbine chamber. An appropriate geometry of the blade allows the
rotor to extract as much energy from the fluid as possible, to then convert it into electrical energy by means of a
generator. Once the fluid passes through the rotor, it continues the spiral path towards the outlet, this due to the
action of gravity, causing the axial component of the velocity to increase as the streamline approaches the outlet.

The main objective of this study is to compare numerically the torque generated by a Savonius turbine as a rotor for
the GVT with a standard rotor (straight blades) using the Ansys commercial software.
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Figure 1. Gravitational Vortex Turbine parts.
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2 PREVIOUS STUDIES
2.1 Studies

The studies that have been carried out around the GVT have focused mainly on the tank design and the measurement
variable is the outlet velocity of the fluid in the turbine outlet hole. Table 1 summarizes the main results found in the
literature. It should be noted that no optimal geometry is reported in numerical and experimental studies. Some
parameters for the design of the turbine tank are recommended, but the ideal design or type of rotor for the turbine
is not mentioned. On the other hand, the methodology proposed by the authors in the numerical studies is not clear.
Where the efficiency of the turbine cannot be determined [3]. However, it is not easy to calculate the efficiency of this
turbine. Because due its several geometry parameters, like tank design, inlet channel measures and rotor design
have a high influence in the GVT performance.

Nowadays, the most article developed are numerically in the commercial software Ansys. Those studies can
determinate the optimal geometry parameters combination to give the highest performance for the turbine.

Table 1. GVT studies.

Parameter Study Main result Reference
Inlet channel height CFD and experimental lefeor;)ngre] db%;\)/een [4], [5] [6]
Numerical and
theoretical CFD and theoretical Difference upper 20% [7]
comparison
Turbulence model Analytic, CFD and experimental BSL RMS [8]
Conical [9]
Tank geometry CFD and experimental Cylindrical [10]
Conical and Convex [11]
Tank diameter 0.8m
Notch angle 70°
Inlet channel width 0.125D
Angle cone 23°
Tank height CFD 0.2D (12], [13]

Outlet hole diameter

for conical tank 03D

.Outlet anq tank o5
diameter ratio (d/D)
Outlet hole diameter CFED and experimental 0.14D —0.18D [14], [15]
Economic evaluation Experimental Economic feasibility [16]

2.2 GVTinstalled

Table 2 shows the GVTs installed that have been found to date worldwide. It is observed that Europe is the continent
with the most installed (9), followed by Asia (3), South America (2) and Oceania (1). It should be emphasized that
the power generated by each turbine depends on its use (domestic or machinery). For this reason, the Swiss turbine
stands out for being the largest power generator at a lower flow rate and height. It is also worth noting that between
Italy, Austria, and Germany they have seven (7) installed turbines, demonstrating the superiority in GVT installed. To
exemplify Table 2, the calculation of the electrical power of (1) [1] was taken.

Pisctrica = Q-p-h.g.m; 1)

Where Q if fluid flow, p is fluid density, h is fluid height, g is gravitational force and n: is the efficiency of the TVG
(where the generator has an efficiency of 90%). However, the calculation of turbine efficiency is not concise in the
literature, and in some cases, it is not mentioned [17].

Table 2. GVT installed worldwide

Country City Year Height (m) Flow (m3/s) Power (kW)
Swiss [18] Schoftland 2009 15 1 15
Indonesia [19] Bali 2015 1.8 1 15
Chile [20] Dofiihue 2017 2.1 2 15
Australia [21] Marysville 2013 0.6 0.1 11
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Country City Year Height (m) Flow (m3/s) Power (kW)
Italy [22] Sureste Sesto Campano 2017 15 1 9
Italy [22] Noreste Bivio Mortola 2017 1.8 0.8 9
Thailand [22] Oeste Taksinmaharat 2014 15 1 8.5
Austria [1] Obergrafendorf 2005 0.9 0.9 8.3
Peru [22] Junin 2016 1.4 0.9 7.2
Germany [22] Wesentz, Sachsen 2013 1.2 0.5 6
Germany [22] Niedersfel, Winterberg 2012 1.4 0.5 4.7
Lithuania [22] Este Kaunas 2010 15 0.5 4.4
Italy [22] Suroeste San Vito 2014 0.4 0.9 4
Austria [22] Norte St. Veit an der Glan 2011 0.9 0.7 3.3
Nepal [23] Katmandu 2016 15 0.2 1.6

3 METHODOLOGY
3.1 Governing Equations

Both fluids (air and water) are sharing the same velocity fields and turbulence. The governing equations for the
unsteady, viscous and vortex formation turbulent flow are continuity and Navier Stokes described [24] in Eqg. (2) and
Eqg. (3) respectively:

ov, 0v, Vv,

OVr OV Vv _ 1
Jr aZ+r 0 @)
O a (TR) = —rp+vrtu+g )
FraU = p+vliu+g

Where g, v and p are gravitational acceleration, viscosity, and density respectively. @ represents velocity vector and
it is defined in Eq (4) and V reduces the partial derivation in each component (X, y, z) and it is explained by Eq (5).

= (uy,w) ®3)

b0 09 @
"~ 0x’'dy’ 0z

3.2 Geometry

Figure 2 represents the GVT dimensions. This was divided into two main parts to better exemplify the turbine. Figure
2.arepresents the inlet channel width (wc) and length of inlet channel (Ic) and area reduction (Ira), the area reduction
angle (a), the tank diameter (D), cone (DC) and outlet hole (d). Figure 2.b exemplifies the other part of the turbine, in
which you can see the height of the channel (HC) and the cone for the outlet hole (hc).

lc=1.5m

- -

0.7m

D:

wc = 0.35m

a) Inlet channel

HC = 0.3m

B = 157°
b) Tank channel

hec = d.lm

Figure 2. GVT dimensions
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Figure 3.a represents the Savonius rotor that will be used in this study. This rotor has a height of 0.13m, a diameter
of 0.2m, a blade thickness of 3mm and two blades as suggested by [25]. Worth noting, the blades numbers of present
rotor were selected according of turbine performance in its normal functioning as a water turbine. The authors want
to compare the Savonius rotor with its geometry that guarantees its best performance as a water turbine with a
standard rotor. Savonius rotor will be compared with the standard rotor with straight blades, it has the same
dimensions (0.13m of diameter, 0.2m of height and 3mm of blade thickness) with the variation that 4 straight blades
are configured. Figure 3.b represents the standard rotor.

a) Savonius rotor b) Standard rotor
Figure 3. Savonius rotor

A simulation of GVT without rotor was carried out to stablish the rotor position and diameter. The same dimensions
described in Figure 2 were selected and the same boundary conditions configured described in next section
(Discretization Process and Boundary Conditions) were implemented. Figure 4 shows a water volume fraction contour
of this simulation. In this figure it can be seen the symmetric vortex formed into GVT tank. The rotor diameter (dr)
and rotor height (hr) were selected according to interface between water (red) and air (blue). The beginning to choose
the dr was to find an interaction of rotor with higher water fraction than air (> 0.6) but it could not be too higher
because, the rotor could destroy the water vortex and the turbine performance goes down.

Water.Volume Fraction
Contour

HIIUO

0,75

0.00

r

Figure 4. Water volume fraction of GVT without rotor
3.3 Discretization Process and Boundary Conditions

Once the rotary and stationary domain was assembled the boundary conditions was configured. The most important
feature to consider of this model is the interface between the stationary and rotating model which was "Transient
rotor Stator”, this was selected because it allows visualizing the movement of the rotor over time (transient simulation)
and its interaction with the fluid.

After configuring the boundary conditions for the mesh, the mesh independence study corresponding to the chamber-
rotor configuration was performed. The variable monitored in this case was the torque in the Y axis of the rotor (which
was used as the vertical axis for this study) at an angular velocity of 10 rpm and expecting to have a difference of
less than 5% [26], [27].

Figure 5.a represents the mesh independence for both configurations: Savonius and standard rotor. Simulations were
run approximately up to 1.1E6 elements for both rotors where the results do not vary significantly with respect to
elements. Therefore, meshes of approximately 4E5 elements for the Savonious rotor and 3.9E5 for the standard
rotor were selected to follow the simulations. The meshes were developed in ICEM module, guaranteeing higher
quality in elements [28] such quality orthogonal (0.73), aspect ratio (9) and 3x3 determinant (0.84). Addition to metrics
described, all elements in meshes were hexahedral elements, this guarantees a lower compute time [29].

In addition to the mesh independence study, a time-step independence study (At) was performed for each
configuration. Figure 5.b shows the behavior for the two rotors as At was changed. The variation between the results
was less than 5%, therefore, the At of 1ms was established, thus guaranteeing the Courant number less than 1.
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Figure 5. Mesh and Time-step independence study

Water and air at 25 °C were selected as fluids, a surface tension coefficient of 0.072 Nm-1 and the selected
turbulence model was Baseline Reynold Stress Model (BSL RSM). This turbulence model is a robust model that has
a great accuracy to rotational fluids [30] as vortex behavior. The total simulation time was 20 s.

Inlet water velocity was 0.2 m/s. The initial fractions of water and air for GVT was 1 for air and 0 for water. However,
the fraction for inlet was 0.99 for water and 0.01 for air. Due inlet channel length, the fluid is stablished before entries
the tank. The upper section of GVT was set up as “opening” with a opening pressure o 0 Pa. The walls were
configured with no slip condition and the outlet hole was configured as a outlet with a relative pressure of 0 Pa.

4 RESULTS AND DISCUSSION

Once the configuration (boundary and mesh conditions) was established, the simulation was performed varying the
angular velocity from 10 rpm to 100 rpm. Figure 6 shows the behavior of the fluid in the GVT chamber. In this, the
inlet channel is long enough to stabilize the fluid along it. In this way, the fluid reaches the area reduction completely
stable to increase its speed before entering the tank and interacting with the rotor.

Water Volume Fraction
1.0

0.0

Figure 6. Water volume fraction inside GVT

Figure 7 represents Savonius and standard rotor behavior as the rpm was changed. This graph shows a great
difference between both rotors (greater than 30%) at all angular velocities, with the standard rotor being the one with
the highest generated torque. On the other hand, both rotors presented the maximum torque at 10 rpm where the
standard rotor generated 0.76 Nm and the Savonius rotor 0.50 Nm and the lowest torque generated was presented
at 100 rpm with 0.61 and 0.41 Nm for the standard rotor and Savonius respectively. This is to be expected, because
the pressure increases the boundary layer effect on the rotor blades on which the fluid impacts, and therefore
increases the torque generated.
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Figure 7. Savonius and standard rotor with different angular velocity

Figure 8 represents the top and isometric view of the fluid streamlines inside the GVT with the two rotors. Figure 8.a
represents the standard rotor and Figure 8.b the Savonius rotor. This figure shows how the fluid behaves throughout
the GVT path. The size of the particles in streamlines is directly proportional to the fluid velocity. In this way it is
verified that the fluid increases its velocity as it approaches and descends through the vortex (tank center). This figure
also shows how the fluid behaves with the rotors, which distort the formation of the vortex once the fluid collides with
the blades. However, it is possible to show that the standard rotor blades have a greater interaction with the fluid due
to the number of blades. This interaction generates more drag force on the rotor therefore this becomes more torque

generated.

Water Velocity
20

Water velocity
2.0

0.0
[ms~1]

a) Standard rotor

b) Savonius rotor
Figure 8. Water streamlines for standard and Savonius rotor

To exemplify what was said above, Figure 9 represents the interaction between the fluid and the rotor. Two planes
are shown, one horizontal and one vertical to represent contours of fluid velocity and volume fraction respectively. In
this figure it can be seen how the vortex is distorted when it interacts with the rotor (volume fraction) and how the
fluid drops its velocity when it also interacts with it (fluid velocity) reaching zero when it is close to the rotor blade.

Water Velocity Water Volume
2.0 Fraction
1.0
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Figure 9. Water velocity and volume fraction

The difference between the Savonius rotor and the standard rotor lies in the number of blades. [25] shows that the
efficiency of a Savonius rotor decreases with the increase of blades due to the negative torque (when the blade is
moving backwards) that it presents. However, for this study, the fluid always rotates in the same direction and the
rotor presented a negligible negative torque, since it is generated by the collision between the initial blade with the
fluid and this changes the speed direction.

Contrary to what was said above, the Savonius rotor blades are the ones that present a smaller difference (18%) in
their torque generation as the rpm increases with respect to the straight blades (20%). With this one could not speak
of a significant difference between the two rotors, however, the number of blades in the Savonius rotor affected its
performance.

5 CONCLUSION

The gravitational vortex turbine is projected as an alternative to pico-hydroelectric power plants. In recent years,
there has been an increase in interest in these plants and several companies have dedicated themselves to building
them, either for communities or companies that have a nearby water resource.

The Savonius rotor did not present the best performance. However, it had acceptable performance, even when the
previous studies recommendations of using three blades instead of four were followed. On the other hand, this rotor
improves its performance when there is greater drag force, and the negative torque does not generate losses in it.

It was shown that rotor design affects the performance of Gravitational Vortex Turbine. Given this, GVT studies
should also focus on the design of the rotor (combined with tank design), since most of these studies have been
carried out around the formation of the vortex in the chamber, which seek to increase the outlet velocity. This study
is expected to mark a starting point to motivate the study on the gravitational vortex turbine and especially on the
rotor design.
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