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The main purpose of this study is to compare numerically the torque generated by two
runners for a gravitational vortex turbine. One of the runners was an H-Darrieus turbine with
the rotational flow into the chamber that helped to decrease its negative torque. The other
runner was a standard (straight blade) turbine, which determined the performance in both
cases. The study was conducted in ANSYS®CFX, where the model was configured at constant
operating conditions in both cases. The standard runner performance was higher (75%) than
that of the H-Darrieus runner. The highest torque for the standard and the H-Darrieus runners
was 0.76 and 0.16 N - m, respectively. The standard runner had a larger fluid contact area than
the H-Darrieus runner, which extracted more energy.
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1. INTRODUCTION

Renewable energies are increasingly important to satisfy global energy de-
mand. Since the beginning of the last decade, they have experienced an annual
growth of around 8-9% [1]|, and it is expected that by 2023 they will supply
at least 30% of world electricity demand, according to the International Energy
Agency. Hydroelectric power is the largest renewable energy source in the world.
It supplies around 16% of the world consumption [1] and only Latin America
and the Caribbean have 20% of the world’s water potential. However, about 30
million people do not have electricity service [2]. They are in geographically iso-
lated or difficult access areas, which prevents coverage by the national electricity
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systems. Due to this situation, some communities have opted for using renewable
energies [3], such as small hydroelectric power plants (PCHs), which minimize
negative impacts on the environment. They have low emissions of greenhouse
gases (GHG) and do not require large structures for their implementation com-
pared to large hydroelectric [4]. Among them, there are the gravitational vortex
turbine (GVT) power plants (PCHs), which are open hydraulic systems that
operate with the natural current of the river. This is economical and does not
require considerable civil works for their construction [5]. GVT is mainly com-
prised of a chamber that has a water inlet channel that stabilizes the fluid and
leads it to the chamber. Due to chamber geometry and tangential and axial ve-
locity, a pre-rotation of the water is created, which is affected by the force of
gravity and the Coriolis force [6], creating an induced water vortex. This turbu-
lent flow is harnessed by a runner that transmits the water kinetic energy to an
energy transformer [7]. Figure 1 graphically represents the GVT parts.

Inlet flow

Generator —==

Runn

Inlet channel

Outlet hole

Outlet channel

Fia. 1. GVT parts.

To summarize the literature review on GVTs, Table 1 presents the main
studied aspects related to GV'Ts according to the authors’ knowledge. The table
shows that the main studied parameters focus on chamber geometry (8 studies),
compared to few studies carried out on the runner (4 studies) of a GVT.

In order to evaluate the performance of a new runner geometry, an H-Darrieus
turbine was selected. One of the main areas of interest in the mentioned above
turbine is the negative torque of the incoming blade [23|. This phenomenon
occurs when the flow direction affects the incoming blade runner. In the case
of GVT, the flow is rotational inside the chamber, and for this reason, it was
assumed that the negative torque decreases considerably if an H-Darrieus turbine
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Table 1. Literature review summary.

Main parameter Kind of study Major findings Reference
. : : Result differences
Wat let height CFD and tal 8
ater inlet heig and experimental| " o o [8]
Turbulence model Analytica.l, CFD Baseline Reynolds [9]
and experimental stress model
Chamber geometry Cylindrical [10]
CFD and experimental Conical [11]
Concave and convex [12]
Chamber diameter 0.8 m
Angle of the reduction zone 70°
Width of the inlet channel CFD 0.125 D [13]
Angle of the cone 23°
Channel height 02D
Outlet diameter CFD 0.3 D [14]
for a conical chamber '
Ratio between
the chamber diameter 115]
and the outlet 2.5 15
diameter (D/d) CFD
Inlet channel slope angle 60°
Outlet diameter CFD and experimental 0.14 D-0.18 D [16]
Number of blades in the runner | ~pp 454 experimental 12 [17]
(according to geometry)
Thicknes?, of runner blades | vppy ang experimental Blade thickness [18]
(according to geometry)
Blade profile in the runner CFD Curved profile [19, 20]
Multi-stage runner Experimental Multi-stage runner [21, 22]
Economic evaluation Experimental Economic feasibility [5]

is implemented as a GVT runner, increasing the performance. The purpose of
this study is to numerically evaluate and compare the performance of GVT with
two different runners (H-Darrieus and standard).

2. METHODOLOGY

2.1. Governing equations

There is no a standard model to characterize the vortex and an equation
for relationship between geometrical parameters and power generation. Some
authors do not provide enough information about the model used, so there
is no way to standardize the equation or have a reference for future studies.
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Table 2 shows different mathematical correlations in the literature to character-
ize the vortex and governing equation. In fact, inside the GV'T chamber, both
fluids (water and air) share the same physical properties, i.e., velocity fields
and turbulence. The governing equations for the unsteady, viscous and vortex
formation’s turbulent flow are the continuity and Navier-Stokes equations de-
scribed in Egs (2.12) and (2.13), respectively. Those equations (continuity and
Navier-Stokes) were developed by software ANSYS® in its 2019-R3 version.

Table 2. Mathematical models developed to characterize the vortex generated inside

the GVT and governing equation.

Author ‘ Tangential velocity equation ‘ Comments ‘ Number
Mathematical models to characterize the vortex formed
MULLIGAN et al. [9] vg(r) o<1/ - (2.1)
EINSTEIN, L1 [24] ve(r) = xr - (2.2)
27r
VATISTAS et al. [25] vg(r) = Li__r when 0 < r < (2.3)
' T on \rd + r1)1/2 - - '
r T
ROSENHED [26] ve(r) = o <W) - (2.4)
r 2r
HiTe, MIH [27] vg(r) = o ((r? i 2r2)) - (2.5)
ODGAARD [28] Vo(r) = — |1 —ex 10 - (2.6)
A P\ 1 Hy '
I' r
vo(r) = wr = % 12 when r < ¢ (2.7)
RANKINE [29] .
ve(r) = e when r > 7. (2.8)
27r T
EC [ —E:?
BURGERS [30] ve(r) = o (e 2 ) - (2.9)
(Ioo)(re)
RAHMAN et al. [31] | vo(r) = - 2.10
i VBGH (9) () (H — ) 7 T3] (210
MARIAN et al. [32] ve(r) = Ldy2(g)(H + 1) - (2.11)
2(m)(r)
Governing system equations
- v v v
Cont t - 24 = - 2.12
ontinuity 5 + 97 + . 0 ( )
. ov -1 5
Navier-Stokes 5t +v-(Vv)= TVp +vViv+tg - (2.13)
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In Table 2, the following notations have been adopted: vy, v,, and v, are
tangential, radial, and axial velocity, respectively, I" is circulation, r is water
radius, 7. is the air core radius, v is kinetic viscosity, C' and E are constants,
g is gravity acceleration, H is vortex height, h is point height, and

(2.14) I = §1§v' dl,

L

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:

(2.15) I = //(v xv) - dA,
A

where A is the surface area, and the rotational velocity field (V x v) is equal to
vector field vorticity (€2), Eq. (2.16) is expressed as:

(2.16) r— // Q. dA.
A

For the Navier-Stokes equation, v represents the velocity vector and it is
defined in Eq. (2.17), and V reduces the partial derivation in each component
(z, y, z) and it is explained in Eq. (2.18)

(217) Vi = (u,y,w),

g 0 0
2.1 = —, —, —.
(2.18) v Ox’ Oy’ 0z

To exemplify the variables in Table 2, Fig. 2 shows the physical behavior of
a water particle (wp) inside the GVT chamber. Front (left side) and top (right)
views are shown.

Front

Inlet ——>

flow —>

F1G. 2. Velocity profiles and variables for wp inside the GVT chamber.
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2.2. Volume control

Among the different geometries reported in the state of art research are the
cylindrical [10], concave, convex [12], and conical chambers [11]. The latter ones
show an increment in vortex tangential velocity and power generation [11]|. For
this reason, a conical chamber was selected.

Figure 3a shows a top view of a GVT domain and its respective design
parameters. Figure 3b shows a plane view section (A-A) and exemplifies the
domains established for the present study. The static domain corresponds to
the GVT chamber, and the rotating domain corresponds to the runners that
were studied. The same dimensions were used for both runners. The symbols
(parameters) mentioned in Fig. 3 will be explained later in Table 3.

a) <

b) Section A-A

[] static domain
[] Rotating domain

FiG. 3. Top and cut view from GVT domain studies:
a) GVT top view, b) GVT and runner cut view.

From left to right, Table 3 shows the parameters considered (Fig. 3), their
symbols and values assigned for the chamber design. It should be noted that
the conical section is observed from the bottom of the chamber. Furthermore, the
chamber with a D,/ D; ratio equal to 14% [16] was considered. Similarly, the pa-
rameters, symbols and values of the rotating domain (runner) are shown in
Table 4. It should also be noted that the values were taken according to the
performance presented in previous studies.

Once the design was modeled, the discretization was carried out in the ICEM
CFD module of ANSYS®. Hexahedral elements were used to represent the inter-
nal volume of the chamber and runner assembly. Figure 4a shows the chamber
discretization, identifying the inflation in the chamber walls and considering the
viscous friction that can cause hydraulic losses. Figure 4b shows a top view of
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Table 3. Design parameters for the static domain.

Parameter Symbol Value
Channel height H. 0.30 m
Channel width W. 0.35 m
Channel length L. 1.5m

Notch length L, 0.9 m
Notch angle @ 155°
Chamber height H, 0.4 m
Chamber diameter Dy 0.7 m
Conical angle 38 67°
Qutlet hole diameter D 0.098 m
Rotating domain diameter D, 0.25 m
Rotating domain height H, 0.35 m

Table 4. Design parameters for the rotational domain.

Parameter H-Darrieus [23] | Standard [19]
Diameter 0.2m 0.2 m
Height 0.13 m 0.13 m
Aspect ratio 0.68 0.68
Blades number 3 4
Profile NACA 2408 N/A

F1a. 4. Static and rotating domains meshes: a) static domain (chamber), b) rotating domain
H-Darrieus runner, ¢) rotating domain standard runner.

the rotating domain of the H-Darrieus runner, where the inflation is close to the
blade’s wall. Figure 4c represents the top view of the standard runner. As pre-
viously mentioned, the blades are straight. In addition, they produce the same
inflation close to each blade’s wall. The meshes metrics are detailed in Table 5,
and they are in the acceptable ranges [33].
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Table 5. Mesh metrics for static and rotating domains.

Domain | Number of elements Min.gdjt;l;m;nant Max. aspect ratio | Min. quality
H-Darrieus 259.932 0.440 26 0.440
Standard 311.045 0.768 8.080 0.768
Chamber 30.305 0.459 7.050 0.381

The boundary conditions associated with the volume control were configured
to biphasic fluid (air and water). Both fluids are at a temperature of 25°C,
a relative pressure of 0 Pa and a volume fraction with zero gradients for the
opening and outlet. The inlet was configured as normal water inlet to surface
with a constant velocity of 0.2 m/s. In addition, the slip-free torque condition
was set as a representation of the GVT surfaces in wall configuration. For the
rotating domain, an angular velocity was established from 25 to 100 rpm with
increments of 25 rpm. A transient runner-stator interface was configured in each
domain in order to create a connection between the mesh of both domains and
was declared fluid-fluid. This guarantees that the calculated variable (torque)
corresponds to a system that varies over time. Figure 5 represents the boundary
conditions established for the static and rotating domains.

a) b)
Opening

3 24

Inlet

Outlet Interface

FiGg. 5. Boundary conditions for the static and rotating domains: a) boundary condition for
the static domain, b) boundary condition for the rotating domain.

The simulation was carried out in the ANSYS® CFX module and configured
in a transient state with a convergence criterion of 1E-4 [34-36]. High resolu-
tion was used for the advection scheme and the backward FEuler’s second-order
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equation was configured to reduce numerical uncertainty [35]. The total simu-
lation time was 15 s (to visualize the start-up and stabilization of the system)
with an adaptive time-step (At) between 0.001 s and 0.0001 s. The higher At
was calculated, guaranteeing a Courant number less than 1 [36]. The baseline
Reynolds stress model turbulence model was selected, offering greater precision
in the rotating system, such as the flow of a vortex [9].

3. RESULTS AND DISCUSSION

Figure 6 represents the mesh independence study carried out for each case
study at a rotational velocity of 25 rpm for the rotating domain. The meshes
selected for the rotating domain in each case were approximately 259E3 and
311E3 elements for the H-Darrieus and standard runner, respectively. For the
static domain, a mesh of 30E3 elements was simulated. The meshes were selected
because they represent a difference in results lower than 5% compared to the
previous mesh. The mesh independence study guarantees that results are not
affected by the number of elements [34-38].

1.0
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£
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2. 04l
5

= B

—_— < o
0.1} e
L 1 L 1 1
0 0.2 0.4 0.6 0.8 1.0 1.2

Number of cell (Millions)

Fia. 6. Mesh independence for both cases.

Figure 7 shows the variation of the generated torque for each configured run-
ner’s geometry against the angular velocity, from 25 rpm to 100 rpm. In this
figure, the torque for both cases decreases at higher revolutions and the great
difference in the power between the H-Darrieus runner (red) and the standard
runner (black) is generated. The point to measure the variable was the run-
ner shaft. Both cases presented the highest torque at a velocity of 25 rpm and
decreased as the velocity increased. The highest torque values were 0.76 N-m
and 0.16 N -m for the standard runner and the H-Darrieus runner, respectively.
This shows that the standard runner has a better performance (75%) than the
H-Darrieus runner.
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Fia. 7. Torque variation against angular velocity for both cases.

The standard runner blades have a greater contact area than the H-Darrieus
runner blades. This helps to interact with more water, and therefore more energy
can be extracted. It should be noted that both runners are intrusive and deform
the vortex considerably. The H-Darrieus runner works by lift force [23]|. However,
in this study, greater drag force is present due to fluid behavior (rotating around
the chamber).

Figure 8 shows an isometric and front view of water streamlines and fluid
vectors within the chamber for the H-Darrieus (Fig. 8a) and standard runner
(Fig. 8b). It is possible to observe how the flow enters and stabilizes in the
channel. In addition, the fluid increases its velocity in the reduction area before
to the chamber. The streamlines show how the water velocity increases as it
descends through the chamber and moves rapidly to the bottom of the chamber
until it interacts with the runner. However, the front view of Fig. 8b shows
that the standard runner is more intrusive in the chamber than the H-Darrieus
runner. As mentioned before, the more intrusive the runner, the more fluid it
interacts with, allowing to extract more energy. However, it should be considered
that the greater the radius of the runner, the more it will interact with a water
volume fraction of lower velocity compared to the fluid near the vortex.

Figure 9 shows the water pressure contours in the standard and H-Darrieus
blade runners. In both cases, it is observed that the highest pressure point is
at the bottom of the runners. This is because the fluid increases its velocity as
it descends through the chamber and approaches the center of the vortex [11].
However, in the standard runner (left) it is observed that there is a greater
contact area for fluid, which provides a larger cross-sectional area for the pres-
sure, where the highest pressure value is 2.43 kPa. Unlike the H-Darrieus runner
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FiG. 8. Isometric and frontal view for water velocity streamlines inside the chamber for both
cases: a) water velocity streamlines for the H-Darrieus runner, b) water velocity streamlines
for the standard runner.
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F1G. 9. Water pressure contour in blades runners.

(right), where the highest pressure value of 2.35 kPa is observed when the pres-
sure is exerted on the blade tip, where there is a smaller contact area for fluid.
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The aim of this article was to numerically compare a runner geometry that
had not been studied. Thus, thanks to the present study, it can be determined
that the fluid contact area with the blade runner is a parameter that considerably
influences the turbine performance. Despite the difference being less than 1% at
the highest pressure point, this means a difference above 75% in performance
due to the cross-sectional area.

4. CONCLUSION

A numerical comparison of torque generated between a standard (straight
blade) and an H-Darrieus runner was performed for a gravitational vortex tur-
bine. The study was carried out in the ANSYS® 2019-R3 software in its ICEM-
CFD and CFX modules. The performance of each runner was determined, and
it was be concluded that:

e The runner design considerably affects the performance of the GVT; pa-
rameters such as the type and number of blades greatly affect the perfor-
mance of the turbine.

e The standard runner showed a better performance compared to the H-Dar-
rieus runner. The blade contact area helped to extract more energy from
the fluid. Consequently, it allowed a higher performance in GVT. However,
it must be considered that the larger the runner, the more it will interact
with water volume fractions with lower velocity.

e The H-Darrieus runner increases its performance with the lifting principle.
Nevertheless, due to the rotation of the fluid in the chamber, a greater drag
force is present. However, it was possible to show that the negative torque
in the inlet blade was lower and it can serve to increase the performance
of the H-Darrieus as a turbine.

e Thanks to its easy fabrication and low maintenance requirements, the GV'T
is a good alternative to supply electrical energy to non-interconnected areas
and with changes in its chamber or runner geometry, its performance can
be improved.

5. FUTURE WORKS

According to the literature review and the present study, the runner geometry
considerably affects the turbine performance. For future works, different geome-
tries for the runner as well as the Savonius turbine can be studied because the
main force of this turbine’s runner is the drag force. Furthermore, in the future,
the present numerical results should be confirmed with experimental results.
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