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ARTICLE INFO ABSTRACT

Article history: Renewable energy sources have gained significant attention due to the increasing
Received 17 February 2024 demand for clean energy production. The gravitational vortex turbine (GVT) is one of
Received in revised form 15 March 2024 the emerging technologies in the field of renewable energy that has gained attention
Accepted 19 April 2024 for its simple and low-cost manufacturing process. The turbine operates by utilizing the
Available online 30 November 2024 energy of wastewater or other liquid flows to generate power on-site, making it a
potentially viable solution for small-scale power generation. However, the
optimization of the turbine's design is necessary to improve its efficiency and to make
it a more competitive source of renewable energy. Previous research on GVT has
mainly focused on the chamber's design to improve the formation of the vortex.
However, little attention has been paid to the rotor design, which is also a critical
parameter affecting the turbine's performance. The current study aimed to investigate
the performance of three different rotors for the turbine, including the Savonius, H-
Darrieus, and a standard rotor with straight blades, using numerical simulations. The
numerical simulations were performed using ANSYS software, with ICEM modules for
discretization and CFX for simulation. The results showed that the straight-bladed rotor
outperformed the other two rotors, with an increase in efficiency of 40% and 79%
compared to the Savonius and H-Darrieus geometry blades, respectively. The study
highlights the importance of considering the rotor design in the optimization of the

Keywords: gravitational vortex turbine. The results provide valuable insights into the design
Vortex; Runner; H-Darrieus; savonius; parameters that can be used to enhance the turbine's performance. These findings can
ANSYS; blades; performance; energy; contribute to the development of more efficient and cost-effective gravitational vortex
ICEM; CFD turbines for on-site power generation and consumption.

1. Introduction

The turbine is a crucial component in any hydroelectric power generation system as it converts
the energy contained in water into rotational mechanical energy to generate electricity [1]. Selecting
the most suitable turbine for a particular installation site depends on the characteristics of the site,
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with flow and head being the most significant ones. The commonly used turbines in hydroelectric
installations worldwide are Francis, Kaplan, and Pelton turbines, and to a lesser extent, crossflow,
Turgo, and gravitational turbines. Figure 1 illustrates the Gravitational Vortex Turbine's operating
range compared to other conventional hydraulic generation technologies like the Pelton, Francis, and
Michell Banki turbines. The latter requires deeper tributaries and more complex mounting devices
than the GVT due to its configuration.
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Fig. 1. Selection chart for different hydraulics turbines according to the net head and
the volumetric flow [2]

The GVT represents a renewable energy alternative that relies on a small-scale turbine to convert
the kinetic energy of fluid into electrical energy using a generator [3]. As illustrated in Figure 2, the
turbine, also referred to as the standard tank, operates by allowing fluid to enter horizontally and
tangentially. The circular geometry of the tank, combined with the difference in elevation between
the inlet and outlet of the chamber, generates a gravitational vortex, a rotation of the fluid with
respect to the outlet hole. This vortex results from the gravitational force and the Coriolis force acting
together [4]. As water flows through the chamber tank, it follows a spiral path that rotates around
the axis of the air core formed by the conservation of momentum between two fluids, water, and air,

in this case.
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According to the literature review on GVTs, especially at the runner and chamber geometry, the

Table 1 summarize. The mains studies founded in the literature related to the GVTs.

Table 1
Literature review summary

Parameter Study Findings Configuration Reference
. . CFD and Result differences No runner Standard
Water inlet height experimental between 0% and 7%  tank (571
Iyti D Baseli | N
Turbulence model Ana ytlcal,. CF aseline Reynolds o runner (8]
and experimental stress model Standard tank
CED and CyI|r.1dr|caI No runner [9]
Tank geometry experimental Conical No runner [10]
P Concave and convex  No runner [11]
Tank diameter 0.8 m
Angle of the reduction zone 70° NG runner
Width of the inlet channel CFD 0.125D [12]
N Standard tank
Angle of the cone 23
Channel height 0.2D
Outlet diameter for a conical No runner
tank CFD 03D Conical tank [13]
Ratio between the chamber 25
diameter and the outlet ' No runner
. CFD 14
diameter (D/d) 60° Standard tank [14]
Inlet channel slope angle
CFD N
Outlet diameter and 0.14 D-0.18 D o runner [15, 16]
experimental Standard tank
. CFD and
Number of blades in the runner a.n 12 Standard tank [17]
experimental
Thlckne.ss of runner blades CFD a_nd Blade thickness Standard tank [18]
(according to geometry) experimental
Blade profile in the runner CFD Curved profile Standard tank [19, 20]
Multi-stage runner Experimental Multi-stage runner Conical tank [21, 22]
Runner with 4
Economic evaluation Experimental Economic feasibility blades [23]
Standard tank
Companies that
Review Review install GVT - [24]
worldwide

Currently, there is a lack of knowledge regarding the ideal geometry for the runner in a
gravitational vortex turbine that would maximize efficiency, as no optimal geometry has been
reported in numerical or experimental studies. Additionally, there is no clear indication of the
suitable design for the runner or the optimal number of blades that would result in the best
performance. The methodology proposed by the authors of previous studies is also unclear, and the
mathematical models and numerical configurations used are not well-documented. One significant
gap in the literature is the lack of reported turbine efficiency, as it is unclear how it is calculated or
not reported at all. Although some studies have examined runner configuration, particularly the
number of blades, they have not taken full advantage of the design parameters. Therefore, the
runner design is a parameter that should be studied to determine its impact on the GVT performance.
Thus, the GVT efficiency can be significantly increased with an ideal tank-rotor configuration.

The objective of the present study consists of comparing the torque generated by three rotors
for the gravitational vortex turbine. The three rotors were selected according to it performance as a
turbine.

122



CFD Letters
Volume 17, Issue 5 (2025) 120-130

2. Methodology

To characterize the vortex phenomena, there are numerous mathematical models as shown in
Table 2. Therefore, these models do not agree with both the experimental and numerical results at
GVT turbines, especially at the tangential velocity. The governing equations for the unsteady, viscous
and vortex formation’s turbulent flow are the continuity and Navier Stokes equations described in
Eg. (12) and Eq. (13), respectively. Those equations were resolved using a commercial ANSYS®
software. The turbulence model was set up as recommended S. Mulligan, et al., [8], with total time
of 15 seconds (to establish the water vortex) and a time-step of 0.001s, guaranteeing a courant
number of 1 and a water velocity inlet of 0.1 m/s. The turbine height is 0.3m and chamber diameter
is 0.3m.

Table 2
Mathematical models developed to characterize the vortex generated inside the GVT and governing equation
Mathematical models to characterize the vortex formed

Article Tangential velocity equation Equation
[8] vg(r) « 1/r (1)
[25] vo(r) = ZL @
[26] vg(r) = ( ) (3)
A + r4)2
[27] ve(r) = o (( )) (4)
2 ") = L
(28] ve(r) = o ((r - 2r2)) (5)
r 1
[29] Vo(r) = — [1 — exp (—Z%rz)] (6)
r r
ve(r) = wr = o —2 (7)
(30]
r 2
vg(r)z%zw% (8)
EC -Er?
[31] Vg (r) = m(e zm ) (9)
o) = (F) ()
[32] o (10)

J[B(rcz)(g)(ﬂz)(H —h) +Te%]

[33] ve(r) = Ldy zz(é ))((I:)+ n (11)

Governing system equations

ov, 0v, v,
LA 12
o1 + 57 0 (12)

Ju
Navier Stokes i - (Va) = 7Vp +vViu+ g (13)

Continuity

Where Vg, V, and V; are tangential, radial, and axial velocity respectively, I is circulation, r is water
radius, rcis the air core radius, v is kinetic viscosity, C and E are constants, g is gravity acceleration, H
is vortex height, and h is pointing height. Where:

r=fv "l (14)
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Where V is the velocity field and L is the vertical axis at the surface. However, Stoke’s theorem
expresses the previous equation with a rotational velocity field.

r=ffa(Vxv~)-dA (15)

Where A is the surface area, and the rotational velocity field (Vx v °) is equal to vector field vorticity
(Q), Eq. (16) is expressed as:

r=[f A Qda (16)

For the Navier Stokes equation, U represents the velocity vector and it is defined in Eq. (17), and
v reduces the partial derivation in each component (x, y, z) and it is explained in Eq. (18).

u=(u,y,w) (17)
V=0/0x,0/9y,0/0z (18)

To exemplify the variables in Table 2, Figure 3 shows the physical behavior of a water particle
(wp) inside the GVT chamber.
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Fig. 3. Velocity profiles and variables for wp inside the GVT chamber: (a) Front view; (b) Top view
(34]
3. Results

Figure 4 shows the mesh independence of the rotor chamber configuration for the three rotors
at an angular velocity of 25 rpm. This angular velocity was selected as some companies have claimed
that it results in the highest generated torque as mentioned in previous study [40, 41]. An
approximately equal number of elements were employed for all three configurations, ensuring
similarity in the results. The simulations began with around 2E5 elements and were increased up to
2E6 elements. Results indicated that there was a variation of less than 5% between the number of
elements and the outcome for each configuration as mentioned in previous study [35—-39]. Therefore,
a mesh of about 4E5 elements was selected, with the rotary domain having a mesh of about 3E5
elements.
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Fig. 4. Mesh independence for the 25 RPM case

Figure 5 represents the behavior of the three rotors at 4 different angular velocity. In this figure
it can be seen how the generated torque decreases as the rpm increases. Being the standard rotor
with the highest performance over the Savonius and H-Darrieus runners. At an angular velocity of 25
rpm, the maximum torque generated by the gravitational vortex turbine was observed. The standard
rotor produced 0.89 Nm, while the Savonius and H-Darrieus rotors generated 0.52 Nm and 0.17 Nm,
respectively. The order of the rotors in terms of the least variation in generated torque between the
angular speeds of 25 and 100 rpm was the same. The difference between the standard rotor and the
other two rotors ranged from 11% to 18%. The Savonius rotor generated 40% less torque than the
standard rotor, while the H-Darrieus rotor generated 79% less torque than the standard rotor.
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Fig. 5. Torque variation vs angular velocity for each case
The main difference between the rotors lies in the type of force generated on the blade surface,

which is mainly drag force. The larger the perpendicular area of the blade facing the fluid, the greater
the pressure and the generated torque. The standard and Savonius rotors mainly rely on this type of
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force, whereas the H-Darrieus rotor performs better when there is a greater lift force involved as
mentioned V. Patel, et al., [36, 42].

Figure 6 shows the water streamlines within the chamber for each rotor from a top view. It can
be seen how in the standard and Savonius rotors a turbulence is generated between the blades. On
the other hand, the H-Darrieus rotor does not present this phenomenon. This generated turbulence
generates a higher pressure on the blade because it is increasing its velocity in the formed vortex and
when it collides with the blade it transforms the kinetic energy of the fluid into mechanical energy
with the axis. This figure also shows that the negative torque, which is the main problem that occurs
in the Savonius as A. Kumar, et al., [35] turbine, does not occur in the GVT. This is because there is
no fluid to find from the incoming blade to create a pressure or counterflow.

Standard H-Darrieus Savonius
Water
Velocity

H 2.0 —

1.5

].0 \ : VL‘J. T 7l ‘ ‘ \w 7 : & ) }
0.5

0.0
[m s™-1]

Fig. 6. Top view for water velocity streamlines inside the chamber

To exemplify what was said above, Figure 7 represents the pressure generated in the rotors by
the water. In this figure both in the Savonius rotor and in the standard rotor, a pressure is generated
on the face perpendicular to the fluid of the blade, while in the H-Darrieus this pressure is generated
in the blade support with the rotor axis. It is worth mentioning that once the water vortex is formed
inside the tank, it deforms once it collides with the rotor blade. This is because its velocity drops
drastically to 0 m/s and therefore it leaves the turbine directly.

Pressure  grandard  H-Darrieus Savonius

120
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Fig. 7. Water pressure contours in blades runners

The image shown in Figure 8 illustrates the distribution of air inside the chamber for each rotor.
The figure demonstrates that both the standard and Savonius rotors contain a volume fraction of air
in the upper part of the chamber, whereas the H-Darrieus rotor has this fraction only in the tank
region. This suggests that the GVT equipped with an H-Darrieus rotor is entirely filled with fluid,
particularly in the inlet channel. This flooding of the GVT is attributed to the fluid losing all its velocity
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upon collision with the blade, resulting in it exiting the chamber immediately. As a result, the fluid
stays in the chamber longer in the GVT with an H-Darrieus rotor, resulting in flooding.
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Fig. 8. Air volume fraction for GVT (a) Standard (b) Savonius (c) H-Darrieus
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4. Conclusions

A numerical comparison of torque generated by three different rotors was made for a
gravitational vortex turbine with a ratio of 18% between the diameter of the tank and the outlet hole.
The three selected rotors were: H-Darrieus, Savonius and standard, defined as a rotor with 4 straight
blades. The study was carried out with the ANSYS @ software and its ICEM and CFX modules.

Rotor design is a parameter that drastically affects the performance of the GVT. For this,
parameters such as the design and number of blades must be considered.

The rotor that displayed superior performance was the standard rotor equipped with straight
blades. This can be attributed to the larger blade count in comparison to the Savonius rotor, as well
as the blade's orientation which maximizes the perpendicular surface area exposed to the fluid. These
characteristics result in a higher-pressure generation on the rotor blades, leading to an increased
torque output.

The primary issue with the Savonius turbine is its negative torque, which significantly hampers its
performance. However, within the GVT, the rotational fluid movement within the chamber
eliminates this torque issue for the Savonius rotor. Further research is encouraged in the scientific
community regarding the use of the Savonius rotor in the GVT, exploring parameters such as blade
guantity and radius variation.
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