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the model was configured at constant operating conditions. The highest torque was
0.117 Nm at 50 rpm, and the torque decreased with increasing rom. The H-Darrieus
Keywords: works with increasing lift force, however, the rotor inside the Gravitational Vortex
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1. Introduction

The gravitational vortex turbine (GVT) is an alternative to renewable energies. It is a small-scale
turbine that converts the fluid's kinetic energy by forming vortex into electrical power through a
generator [1]. Figure 1 exemplifies the operation and parts of the turbine (designated as standard
tank). The tank geometry is configured in the direction of flow through an open channel of
rectangular section, which leads to 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 fluid before entering the upper part of the tank, which is generally configured as a
cylindrical tank with a circular and concentric outlet located at the bottom concerning the level of
the inlet channel [2]. The fluid enters horizontally and tangentially, but due to the circular geometry
of the tank and the difference in level between the entrance and exit 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 [3]. For a streamline, the path that
the water takes inside the chamber tank can be represented by a spiral that rotates around the axis
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of the air core, which is formed by conservation of momentum between two fluids, water, and air in
this case.

Generator——=

Rotor |”| HH —Tank

Inlet channel

Outlet hole

Qutlet channel

Fig. 1. GVT parts, Adapted from ref. [4]

Table 1 shows the installed GVTs that have been found to date in the world. Europe has nine
installed, followed by Asia with three, South America with two and Oceania with one. The power
generated by each turbine depends on its use (domestic or machinery). For this reason, the Swiss
turbine stands out for being the most significant power generator at a lower flow rate and height. To
exemplify Table 1 the calculation of the electrical power of Eq. (1) [1] was taken.

Pelectrical = Q-p-h-g-nt (1)
Where n: is the efficiency of the GVT (where the generator has an efficiency of 90%). However,

the turbine efficiency calculations are not concise in the literature, and in some cases, it is not
mentioned [5].

Table 1

GVT installed worldwide

Country City Year Heigh (m) Flow (m3/s) Power (kW)
Swiss [6] Schoftland 2009 1,5 1 15
Indonesia [7] Bali 2015 1,8 1 15
Chile [8] Dofiihue 2017 2,1 2 15
Australia [9] Marysville 2013 0,6 0,11 11
Italy [10] Sureste Sesto Campano 2017 1,5 1 9
Italy [10] Noreste Bivio Mortola 2017 1,8 0,8 9
Thailand [10] Oeste Taksinmaharat 2014 1,5 1 8,5
Austria [1] Obergrafendorf 2005 0,9 0,9 8,3
Peru [10] Junin 2016 1,4 0,9 7,2
Germany [10] Wesentz, Sachsen 2013 1,2 0,5 6
Germany [10] Niedersfel, Winterberg 2012 1,4 0,5 4,7
Lithuania [10] Este Kaunas 2010 1,5 0,5 4,4
Italy [10] Suroeste San Vito 2014 0,4 0,9 4
Austria [10] Norte St. Veit an der Glan 2011 0,9 0,7 3,3
Nepal [11] Katmandu 2016 1,5 0,2 1,6

Wanchat et al., [12] through a numerical study in Ansys Fluent determined the incidence of the
height of the water level and the geometry of the tank in the tangential velocity of the generated
vortex. The study concludes that the tangential velocity is directly proportional to the height of the
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water level inside the tank. Furthermore, the authors find that the (standard) circular tank exhibits a
symmetric vortex formation.

Gheorghe etal., [13] presented a numerical study in which the radial, axial and tangential velocity
was analyzed in a GVT with a conical tank, and a rotor made up of three types of blades located at
three different heights of the tank and with different diameters. The authors found that the radial
and axial velocities reach the maximum value between the vortex surface and the sidewall of the
conical tank because, at the limits of the wall, these velocities are zero. On the other hand, the
tangential velocity increases as it moves away from the tank walls, reaching maximum values near
the core of the vortex and at the bottom of the tank.

Daka et al., [14] determined through a numerical study the effect of the geometry of a chamber
with a conical tank on the power generated. According to the authors, a tank with a diameter of 0.52
m, a conicity of the tank of 23°, an inlet width of the reduced area to the tank of 0.1 m, a height of
the water inside the tank of 0.4 m, and an angle of channel reduction of 43° represent the best
geometry for the operating conditions established in the study.

Wanchat et al.,, [15] determined the relationship between the outlet hole diameter and the
electrical power of the standard tank GVT. For the development of the study, a rotor made up of 5
blades was implemented, an input speed of 0.1 m/s was established, and variations were made in
the output diameter of the GVT from 0.1m to 0.4. The study concluded that the diameter range for
the outlet orifice is between 14% and 18% of the tank diameter.

Mulligan et al., [17] presented an analytical, numerical, and experimental study of vortex
formation in a cylindrical tank to establish the turbulence model that best represents the geometry
of the vortex and the tangential velocity inside it. The authors found that the model best representing
the experimental results corresponds to the BSL RSM turbulence model. Once the BSL RSM
turbulence model has been selected, the vortex formation for three different inlet flows is compared
with the analytical study proposed by Vatista in [16] and the experimental study. It is concluded that
the analytical model proposed by Vatista showed significant similarity with the experimental and
numerical analysis [17].

Shabara et al., [18] performed a numerical study in Ansys Fluent with experimental validation.
The geometry implemented for the GVT was the one proposed by Franz Zotl6terer. Errors of 2% and
7% between the numerical and experimental results determined the validity of the numerical model.
It is concluded that the water inlet height in the turbine is not a parameter that significantly
influences the efficiency of the GVT compared to the incidence of the tank's geometry.

Dakal et al., [19] carried out the experimental validation of a numerical analysis carried out in
Ansys Fluent, in which the efficiency of two GVTs with different tank geometries is compared: conical
and cylindrical, both models under the same operating conditions (inlet speed, pressure, etc.). The
numerical and experimental results showed that the conical tank turbine obtained better
performance than the cylindrical one by comparing the outlet velocities values. In the experimental
study, the conical tank presented a higher efficiency than the cylindrical tank measured to the
electrical power generated by the same generator, presenting efficiency values of 36.8% and 20.9%,
respectively.

As evidenced in the state of the art, studies around GVT have focused on tank design and
analytical studies. However, few investigations have studied the rotor, this being a parameter that
highly influences the efficiency of the GVT. The objective of the present study is to numerically
evaluate an H-Darrieus turbine as a rotor of a gravitational vortex turbine.
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2. Methodology

In the present study, GVT was performed with an exit hole ratio of 14% as suggested by Wanchat
et al., [20], and the Darrieus rotor. This rotor will be studied because there is little research on the
design of the rotor of a gravitational vortex turbine which is one of the main parameters affecting
the efficiency of hydraulic turbines [21]. In addition to this, one of the main problems of the H-
Darrieus turbine that affects its performance is the counter-torque generated in the blades [22] and
due to the rotational flow of the GVT, this can be reduced, increasing the performance of the turbine.

The appropriate dimensions were selected for the tank design parameters, such as: conicity angle
and notch angle [14]. Table 2 shows the sizes used for each parameter of the GVT studied. Figure 2.a
shows the sketch of the GVT and its respective dimensions, and Figure 2.b graphically represents the
dimensions between the static and rotational domains.

Table 2

GVT dimension

Parameter Value
Tank diameter (Dt) 0.70m
Cone diameter (Dc) 0.57 m
Outlet hole diameter (Ds) 0.09m
Rotor diameter (Dt) 0.35m
Notch angle (a) 155°
Length inlet channel (Lc) 1.50 m
Length area reduction (Lr) 0.90m
Chanel width (Wc) 0.35m
Chanel height (Hc) 0.35m
Tank height (Ht) 0.45m
Rotate domain height (Hr) 0.35m
Cone angle (B) 157°

]-(

W

L
A

(a) GVT dimensions

Section A-A

He He Ht

[ ] Static domain
[ | Rotate domain

(b) Static and rotate domain
Fig. 2. GVT sketch
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After generating the GVT camera, a concentric emptying was created in the upper part of the
tank with a diameter of 0.35 m and a depth of 0.35 m, in which the rotor of the study was entered
and evaluated. These dimensions are taken from the study by Dhakal et al., [19] that mentions that
the conical turbine presents a higher percentage of speed and a higher tangential velocity in the
interaction between the fluid and the air vortex. Figure 3 represents the cast generated in the CAD
of the GVT. The modeling of the rotor will start from the same principle that was started for the
camera. Once the design parameters were selected, we proceeded with the sketch and then with the
extrusion. Table 3 represents which parameters were considered for the elaboration of the rotor.
According to Kumar et al., [22] the predominant driving force for a Darrieus rotor is the lift force. The
NACA 2408 profile was selected, which has a maximum lift over drag ratio (Cl/Cd) of 37.4 [21]. The
main objective of H-Darireus turbine is decrease the negative torque of the incoming blade [22-24]
in GVT case, the flow is rotational inside the chamber.

Table 3

Rotor dimentions

Parameter Value
Diameter 0.35m
Height 0.13m
Blades 3

Fig. 3. Camera and rotor assemble

The discretization of volume control was carried out in Ansys ICEM® modules for having higher
guality metrics in the meshes [25], supervising as a significant dimension the minimum orthogonal
quality, which varies between zero and one, being one the value is associated with the best quality
of the mesh [26-28] the aspect ratio and the minimum determinant 3x3. For the camera and rotor,
34 blocks were made, 18 and 16, respectively. In this way, it is guaranteed that all the elements are
hexahedral. Figure 4 represents the blocks created for the chamber, these blocks were made with
greater emphasis on area reduction and the conical discharge section. The thickness of the first
boundary layer is 0.038 mm, with a Y+ of 90.
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Fig. 4. Camera and rotor mesh

The simulation was performed in a transitory state, with a total time of 15s and a time step of
1ms, guaranteeing a Courant number less than 1 [29, 30] guaranteeing that only one element is not
evaluated in each step time. A convergence criterion of 1E-4 was selected to ensure reliable results
[27]. The turbulence model chosen was the Baseline Reynold Stress Model for having reliable results
in rotational fluids [31]. Figure 5 represents the boundary conditions in the GVT, and Table 4
describethe values established for each condition.

Table 4

Boundary conditions values for GVT

Condition Type Value

Inlet Normal velocity 0.2 m/s

Outlet Open pressure 0 Pa

Wall Slider -

Opening Open pressure O Pa

State Transitory At=0.001s

Interface Transient rotor stator -

Angular velocity rotor [50, 75, 100, 125] rpm

Cponing

Inlerface

Interface Qutlet
(a) Boundary condition for rotor (b) Boundary condition GTV

Fig. 5. Boundary condition
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3. Results
3.1 Mesh Study

Figure 6 represents the mesh independence for GVT corresponding to the study. The simulations were
performed approximately up to 1.1E6 elements where the results do not vary significantly (less than 5%
difference) [26, 27, 32, 33] with an angular speed of 50 rpm for the rotor; therefore, a mesh of approximately
3.9E5 elements was selected to follow the simulations.

0,78
0,76 0,75
0,74 0,73

0,72

0,7

Torque (N.m)

0,68
0,66 0,6

0,64
0,09 0,19 0,39 1,15

Number of cell (millon)

Fig. 6. Mesh study in GVT
3.1.1 The effect of angular velocity

Once the GVT mesh had been selected, the angular speed of the rotor varied from 50 rpm to 125
rpm to obtain the behavior of the torque at different angular velocities. Figure 7 shows how the
torque varies according to the increase in rpm, being 50 rpm the one with the highest torque,
generating 0.117 Nm, and 120 rpm the one with the low torque, causing 0.084 Nm. The difference
between 50 and 75 rpm is 1.7%, which does not represent a significant difference between both.
However, the largest difference is 28% and is presented to 125 rpm as rotor angular velocity.

0,13
0,117
0,1
0,12
- 0,109
£
Z 11
L]
=3
=
2 0,10
0,09 {084
0,08
L0 75 100 125
Angular velocity (rpm)

Fig. 7. Generated torque vs angular velocity in GVT
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Figure 8 shows the streamlines in the GVT tank and how they interact with the rotor. It should be
noted that when the fluid enters the tank, it already enters stabilized thanks to the inlet channel and
with a pre-rotation induced by the notch angle to reduce turbulence in the tank. Furthermore, the
streamlines also exemplify the behavior of the fluid when it hits the rotor in the center of the tank,
where the vortex deforms completely. However, the core formed in the tank does not interact with
much of the rotor blade surface area due to its size. As mentioned above, in the H-Darrieus turbine
the lift force predominates [34], therefore the blade design does not have a large surface area to
interact with the GVT fluid.

Water Velocity
Streamline

. 2.69

2.02
1135 | Ty !

0.67

I 0.00

Lm s~-1]
Fig. 8. Water velocity streamlines

Figure 9 shows the pressure contour in different parts of the rotor. In these results, the highest
pressure in each blade is at its lower tip, corroborating the behavior of the fluid in the vortex, where
the velocity increases as it descends and approaches the center of the tank. In addition to what has
been said above, it can also be seen that the inner face (pointing towards the rotor axis) of the blades
does not interact directly with the fluid, contrary to the outer face, which is where the fluid impacts
once it approaches the center of the tank. Table 5 describes the values of the pressure points in kPa,
referencing the point P1 that corresponds to the lower corner of the blade facing the fluid when it
enters the tank. With regard to the above, by presenting the maximum point of fluid pressure in the
lower part, it does not take advantage of much of the kinetic energy of the fluid in the chamber. The
difference between point P1 and P1.1 (Only the height between points changes) is 22% in pressure
can be observed, demonstrating that H-Darrieus turbine as a GVT rotor does not take great
advantage of the behavior of the fluid inside tank. Thanks to this, it can also be seen that point P2 is
the one with the greatest pressure difference (47%) with respect to point P1, where this point P2
does not present significant pressure to rotate the rotor.
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Fig. 9. Pressure contour generated by water in blades
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Table 5

Local max pressure in blade faces

Point Location (m) Pressure (KPa) Difference (%)
X Y YA

P1 0.052 -0.152 0.087 2.18 0

P1.1 0.052 -0.100 0.087 1.68 22

P2 0.055 -0.152 -0.087 1.15 47

P3 -0.102 -0.152 -0.001 1.84 15

According to the results, the H-Darrieus rotor works with increasing lift force [22, 35]. However,
the rotor inside the GVT interacts with drag and not lift force [36], which does not allow a better
performance of this rotor. It must be considered that the area of the blade face perpendicular to the
fluid is less than that of the conventional rotor (straight blades); therefore, this also directly
influences the performance of the GVT given that the greater the contact area of the fluid with the
rotor, the drag force on the rotor increases.

4. Conclusions

The GVT is positioned as one of the alternatives in the generation and consumption of energy
near it, thanks to its easy manufacturing and low maintenance that it requires. One of the main
parameters that affect the performance of the GVT is the rotor; however, most of the studies focus
on the design of the tank and the formation of the vortex. The present study proposed a three blades
H-Darrieus rotor for the GVT where it presented a significant difference in the water pressure in the
blades with differences of up to 47%, corroborating that the fluid increases its speed as it approaches
the center and the tank bottom. Also, it was found that the range between 50 and 75 rpm as angular
velocity of the rotor presents higher performance and does not present a significant difference (less
than 2%), contrary to 100 rpm or more where the difference begins to increase up to 28%. Thanks to
this, it is determined that the design of the rotor in a gravitational vortex turbine greatly influences
its performance.

Continuing with the previous idea, the entire research community can be invited to study a
chamber-rotor configuration for the gravitational vortex turbine in order to increase the performance
of this turbine considerably. Among the rotor designs that can be studied is the Savonious and a
truncated rotor, keeping in mind that the selected rotors must work with the drag force principle.
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