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Abstract

Gravitational water vortex power systems are one of the cost-effective systems of extracting
low head hydro power. This study investigates numerically a gravitational water vortex
power system five-blade turbine rotating in a cylindrical basin for three blade shapes
(flat, curved, and vertical twist) and three diameters of the discharge orifice at the basin
bottom. The numerical simulations adopted a scaled down model using the Froude
number similarity and employed the Volume of Fluid, Moving Reference Frame, and SST
k — w turbulence model. The system performance was examined both qualitatively and
quantitatively for five turbine rotation speeds over 40-120 revolution/minute (RPM). It
was found that blade shape, orifice diameter, and turbine rotation speed have significant
effects on system performance. For a specific blade shape and discharge orifice diameter
combination, the generated torque and power increases almost linearly at a large rate
when the turbine rotation speed is increased from 40 RPM to 80 RPM and then decreases,
also essentially linearly, at a much smaller rate from 80 RPM to 120 RPM. The optimal
rotation speed was found to be 80 RPM across the speeds considered for all cases. It was
also shown that the system with an intermediate diameter ratio performs better for each
blade shape and the system with the curved blades performs better than the other two
blade shapes. The results further show that for the cases considered, the most favorable
operating condition was achieved by using a combination of a five-bladed curved turbine,
a medium discharge orifice diameter (d, /D =~ 0.16) in a cylindrical basin, and a rotational
speed of 80 RPM, yielding relatively the highest efficiency of up to 62%, which are very
good outcomes for such low head hydropower systems.

Keywords: gravitational water vortex hydro turbine system; torque; hydropower generation;
cylindrical basin; turbine blade; turbulent kinetic energy

1. Introduction

The use of electrical energy is an integral part of the modern way of life. However,
not everyone has access to it, with only 13% of the world’s population having access to
electricity. Extracting energy in a hydro dynamic environment has long been widely used
due to its sustainable nature of energy source and has become even more important to reach
net zero emissions by 2050. According to the International Hydropower Association [1],
the total global hydropower installed capacity in 2023 was 1416 GW (Giga-Watts), and
4185 TWh (Terawatt-hours) electricity generated from hydropower.

Large-scale hydropower systems have been major contributors to the global hy-
dropower capacity but they have serious impacts on the ecosystem. Energy from small
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hydropower systems (up to 10 MW—Mega-Watts) is considered as a key contributor to
the overall energy development, especially in the developing world. Small hydropower
systems had a worldwide power capacity of 79 GW in 2022 [2]. Efforts are increasing
to invest in smaller hydropower systems to improve the scope of power generation and
distribution and to increase renewable energy sources. One such smaller hydropower
systems is a gravitational water vortex hydro-turbine system (GWVHT), which is also one
of the most convenient, compact, and cheap hydropower systems particularly favored in
remote, rural, and mountainous areas where the demand is on a very small scale and an
electric grid is not readily available.

A GWVHT system is an ultra-low-head micro-hydropower system operating in the
range of 0.7 m-2 m head without the need of a large reservoir and installation area. It
is considered to be a sustainable and green technology due to its low head and direct
water installations and is still considered to be a relatively new technology. As sketched in
Figure 1, a typical GWVHT system consists of an inlet water channel (passage), an outlet
water channel (passage), a circular basin with an opening (usually an orifice) on its bottom
for the discharge of water in the basin to the outlet channel, and a turbine with multiple
blades and a vertical shaft connected to the electricity generator [3,4]. Water from natural
streams like rivers, creeks, mountains, or coastal currents is channelled into the inlet channel
to enter the basin at the top and is discharged through the discharge orifice into the outlet
channel. The natural flow of water through the system creates a free surface vortex caused
by the Coriolis force and the vorticity increases towards the orifice, which also increases the
water circulation, resulting in the pressure to fall below atmospheric pressure, which leads
to an air core, with the radius of the air core decreasing towards the orifice [5]. The free
flow of the vortex energy is converted into mechanical energy by the turbine blades and
then into electric energy by the generator connected to the turbine through the shaft. Since
it has a very small head difference, it works by the dynamic forces generated by the vortex
rather than the pressure head difference [6]. The performance of a GWVHT system can be
easily assessed by the power output produced and by its efficiency.

In the landscape of ultra-low-head (H < 3.0 m) hydropower, gravitational water
vortex hydro-turbines (GWVHT) have emerged as a robust alternative to conventional axial
and cross-flow architectures, particularly for decentralized and off-grid applications [7].
While axial turbines, such as the Kaplan design, can exceed 90% efficiency at large scale
under optimized conditions, they require complex civil works and remain economically
prohibitive for pico-scale installations [8]. Recent studies have shown that modern cross-
flow turbines (CFTs) can achieve efficiencies between 70 and 90% under low head conditions
of 0.5-5 m through optimized blade design, pressurized intake systems, and improved flow
control [9-12]. A CFT operates on a pressure—velocity-driven mechanism, where water
is accelerated through nozzles and diverted tangentially to the blades, with the resulting
impulse and reactive forces transferring momentum to the blades for power generation. All
these require enclosed channels, a nozzle mechanism, and controlled pressure conditions
for a CFT to operate efficiently. To ensure that a CFT provides stable high performance in
controlled channels, installation in open or remote environments can be costly and complex.

Recent advancements highlight the unique capability of GWVHT systems to exploit
the free-surface vortex phenomenon, offering enhanced fish-friendliness and debris tol-
erance, with experimental efficiencies reaching up to 60.85% through optimized spiral
inlet configurations [8]. However, their performance is highly sensitive to air core stabil-
ity and the hydrodynamic interaction between the runner and the vortex structure [13].
In particular, the conversion of the hydraulic head into tangential kinetic energy is strongly
governed by basin geometry; for example, conical configurations with a 45° deviation
angle have been shown to maximize tangential velocities [14]. This sensitivity necessitates
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rigorous high-fidelity computational fluid dynamics (CFD) and Response Surface Method-
ology (RSM) to mitigate turbulence-induced losses and optimize energy extraction [15].
A practical limitation of GWVHT and other ultra-low-head turbines is their inherently low
rotational speed, which is often well below the optimal operating speed of conventional
electrical generators. This mismatch typically necessitates mechanical speed increasers or
specially designed low-speed generators, both of which introduce additional losses and
system complexity. Recent studies on low-speed generator design, particularly axial-flux
permanent magnet machines, demonstrate that direct-drive configurations can effectively
generate electrical power at low rotational speeds without gearboxes, thereby reducing
conversion losses and improving overall system reliability [16]. For example,the test cases
of 40-120 RPM are evaluated to compare with the generator compatibility rather than tur-
bine alone. This is to ensure that the turbine torque at each RPM meets the electromagnetic
demand of the available permanent magnet generator (PMG) whilst maintaining stable
vortex structure and avoiding excessive flow blockages. GWVT achieve high efficiency not
from high speed but from momentum exchange and pressure distribution, thus allowing
power extraction at low angular velocity. This makes GWVT technically viable for remote
application. Thus, low-speed, high-torque direct-drive PMG system with power electronics
are the most appropriate generation solution for GWVT systems [17].

Even though a GWVHT has a vertical shaft, it is not equivalent to a conventional verti-
cal axis turbine (VAT). The energy extraction methods differ fundamentally. In MRE-VOF
simulations, torque is extracted from pressure gradient in vortex flow and not from uniform
approach velocity as in a normal VAT system. It uses very low head and low discharge
rates to extract energy efficiently where the conventional reaction turbines are unable to
do. Water quality is a critical factor in any hydropower system. Solid load in the incoming
water resource for the GWVT system is to be controlled using a relevant mechanism. Since
GWVT operates with a free surface vortex and slow rotational speed, excessive sediment
can significantly affect the hydraulic performance and reduce mechanical reliability [18].

GWVHT systems are still in the developing stage, with reported efficiencies rang-
ing widely from about 17% to 85% [4], indicating significant potential for performance
improvement and optimization.

Inlet Passage
Generator

Shaft

Turbine with blades Outlet Passage

Figure 1. Schematic of a typical GWVHT system with a shallow cylindrical basin and its main components.

As reviewed by some researchers (e.g., [4,19-21]) and more recently by the present
authors [7], there have been many previous studies on GWVHT systems. Most of the past
studies were conducted to improve and optimize the parametric and operational features of
GWVHT systems using analytical and experimental methods. More recently, the numerical
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method using computational fluid dynamics (CFD) packages (such as Ansys Fluent and
CFX) has gradually become the main tool used to study GWVHT systems.

Vortex dynamics plays a central role in power generation in GWVHT systems [22].
However, the presence of a free-surface, air-water interaction, and turbine-induced dis-
turbances makes the flow highly complex and difficult to characterize experimentally.
The turbine alters the vortex structure by reducing tangential velocity and increasing axial
and radial velocity components [23], while the formation of an air core further affects the
stability and strength of the vortex [24,25]. Depending on operating conditions, the vortex
can be classified as weak or strong [26], and its stability is influenced by secondary flows
and sub-vortices [27]. This complexity limits the applicability of simple theoretical models
and highlights the importance of CFD for understanding turbine—vortex interactions.

Several factors strongly affect the vortex dynamics, including inlet channels, shape
and size of the basin, shape and number of the turbine blades, shape of the turbine, size and
design of the discharge, and materials. The past studies further identified that the basin
configuration and the turbine are the most crucial elements that dictate the performance of
a GWVHT system in terms of power output and efficiency [8,28-33].

Numerous studies have investigated the effects of basin and inlet channel configu-
rations on GWVHT performance [4,7,19-21]. Cylindrical basins with centrally located
discharge orifices have been widely adopted, and an optimal ratio of discharge diameter to
basin diameter in the range of 14-18% has been consistently reported [22]. Although conical
and curved basin shapes can improve vortex strength, cylindrical basins have shown better
scalability for practical systems. Velasquez et al. [8] recently reported a peak efficiency of
60.85% using a spiral inlet, cylindrical basin, and optimized runner placement, highlighting
the strong influence of basin-inlet design on turbine performance.

As mentioned above, the turbine plays a key role in a GWVHT system. The type
and number of runners (blades) in the turbine, and its position in the GWVHT system
significantly affect the overall performance of the system, as they have a greater impact
on the vorticity in the system [34-36]. A relation between the turbine geometry and the
underlying flow during irrotational and rotation flow conditions is needed to capture
the loss vorticity path in the behavior of vortex structure in the stationary and rotary
regions in the basin [37]. To achieve this, an improved understanding of the turbine-vortex
interaction is needed. Although successful in improving the efficiency of a GWVHT system,
simple experimentally based designs were unable to provide the details of the internal flow
characteristics caused by the turbine [38]. The overall efficiency was still under 50% [19].

Increasingly, numerical simulations have been widely used to explore the intrinsic
features of a GWVHT system involving free-surface vortex and water—air interactions.
For example, Edirisinghe et al. [29,30] carried out numerical simulation studies of the
effects of different configurations of vortex turbine blades, including blade inclination,
turbine height, vertical twist and horizontal curvature, blade number, and draft tube, by
examining the air core behavior in terms of the detailed turbine—vortex interactions and
velocity and pressure fields, whereas Nishi et al. [39] conducted numerical simulations
to identify some key loss locations, such as the dominant in-tank and tank-outlet losses,
followed by the in-tank friction losses. They also found that the blade losses generated
inside the runner and the in-turbine friction losses were small, and additionally, there
were also losses due to convergent paths and water—air interactions. Edirisinghe et al. [40]
carried out a further numerical simulation study on a GWVHT system, focusing on the
rotational speeds, flow rates, and water levels.

Other studies have also highlighted the importance of blade shape and air core be-
havior. Mulligan et al. [41] showed that the presence of the turbine increases flow com-
plexity and that torque increases as the air core diameter decreases, suggesting that exces-
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sively large turbines may disturb air core formation. Edirisinghe et al. [30] demonstrated
that vertically twisted turbines do not always promote stable air core propagation, while
Gupta et al. [42] reported efficiencies exceeding 50% using curved blades with blade-hub
angles between 18° and 24°. More recently, Veldsquez et al. [31] performed numerical opti-
mization of a GWVHT runner in a conical basin with a spiral inlet channel and achieved
efficiencies up to 65.18%.

Despite these advances, most existing studies focus on specific basin configurations,
inlet designs, or isolated blade parameters. Systematic numerical comparison of fundamen-
tally different blade geometries (such as flat, curved, and vertically twisted runners) under
identical hydraulic and geometric conditions in a cylindrical basin remains limited. This
lack of consistency makes it difficult to directly assess the relative merits of different blade
shapes and to identify optimal operating conditions for practical GWVHT applications.

Recent work has increasingly combined controlled experiments with CFD to quan-
tify how basin geometry, discharge/orifice ratio, and runner configuration alter vortex
structure, air core behavior, and torque generation under ultra-low-head conditions. For ex-
ample, experimental assessments with different inlet and discharge basin configurations
have clarified the hydrodynamic effects of geometry on vortex behavior and performance
metrics [8], and comparative CFD experimental studies have examined vortex profiles
and turbulence model influences on the flow field [43]. Additionally, combined numerical
and experimental analyses of small-scale gravitational vortex turbines have quantified
performance characteristics under varying flow and geometric conditions [44]. Despite
this progress, published datasets remain difficult to compare directly because operating
conditions and geometries often vary simultaneously (e.g., basin shape, inlet arrangement,
runner size, blade curvature/twist, and runner submergence), and studies also differ in
numerical formulation (steady MRF versus fully transient approaches). Broader reviews of
vortex turbine design note the continued need for consistent, like-for-like comparison across
configurations and highlight remaining gaps in unified performance evaluation frame-
works [45]. Consequently, a consistent, like-for-like numerical comparison of fundamentally
different runner blade geometries under identical hydraulic and geometric conditions in a
cylindrical basin remains limited—motivating the present parametric CFD study.

This study presents the evaluation of the effects of turbine blade shape, discharge
orifice diameter, and rotation speed of a five-blade turbine rotating in a cylindrical basin
of a low head gravitational water vortex hydro-turbine system. Three blade shapes (flat,
curved, and vertical twist) with three discharge orifice diameters at the basin bottom (ratios
of the orifice diameter to the basin diameter of 0.14, 0.16, and 0.20) are considered across
five turbine rotation speeds (40, 60, 80, 100, 120 RPM (revolution/minute)). The effects are
examined both qualitatively and quantitatively with numerical simulation results which
employ Volume of Fluid, Moving Reference Frame, and SST k — w turbulence model.

2. Methodology
2.1. Hydraulic Efficiency (1)

As depicted in Figure 1, the main components of a typical GWVHT system include
an inlet water channel, an outlet water channel, a circular basin with an orifice on its
bottom for the discharge of water in the basin to the outlet channel, a turbine with multiple
blades, and a vertical shaft, where the blades are attached, which is also connected to the
electricity generator. The inlet channel regulates the flow of water into the basin, so its
design determines the velocity and distribution of the water flow, which affect the water
vortex formation and turbine performance, while the basin dictates the vortex formation;
thus, its shape, size, and design affect the vortex’s stability and strength, which in turn
determines the turbine performance [8]. The performance of a GWVHT system is essentially
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not affected by the outlet channel but significantly affected by the other three components.
The principle and the pertinent theories about the generation of electricity by extracting
energy produced by the free-surface water vortex using the turbine are well described in
some previous studies (e.g., [4,40]) and are therefore not detailed here.

The key output parameter to quantify the performance of a GWVHT system is the
hydraulic efficiency of the vortex turbine (1), which represents the ratio between the
extracted power from the system (P,yt/qct0q) and the available hydraulic power (Pyygiiapie),
as defined below [8,31,40].

_ f)extracted ] 1)
available

P aitavie is calculated by the following equation:

Povaitable = ngQr 2)

where p, ¢, H, and Q are the density of water (1000 kg/m?), the gravitational acceleration
(9.81 m/s2), the hydraulic head (m), and the volume flow rate passing through the turbine
(m3/s), respectively. Q is estimated by the volume flow rate passing through the inlet
channel. H is the summation of the relative pressure head, elevation head, and kinetic
head across the GWVHT system. As reviewed by the present authors [7], different defi-
nitions and calculations for H have been used in previous studies. It is believed that the
definition by Edirisinghe et al. [40] is appropriate and thus used in the present study. Ediris-
inghe et al. [40] argued that because a GWVHT system operates under the atmospheric
pressure, the relative pressure head is zero, while the kinetic head is negligibly small as the
flow rate is small. Hence it is fair and appropriate to quantify H by the difference between
the inflow and outflow water levels.

P, tracted 1S the power generated by the turbine shaft when water hits the turbine
blades, and is calculated as follows [8,31,40]:

Pextructed =Tw, (3)

where T is the torque generated on the shaft and w is the rotation speed of the turbine
(rad/s), respectively. In the numerical simulations of the present study, several values of w
were pre-defined.

2.2. Configurations of the GWVHT System Considered

As the inlet water channel, the circular basin with the discharge orifice, and the turbine
with multiple blades are the main components, their configurations and geometrical di-
mensions and the operating conditions are the key input parameters for a GWVHT system.

The most common shapes for basins are cylindrical and conical [7]. In the present study,
cylindrical basins are used, as sketched in Figure 2. Different shapes of turbine blades
were used and studied [7], with straight (flat), twisted, and curved turbine blades the
most common [7,21,46]. In the present study, these three types of turbines are considered,
with their configurations sketched in Figure 3.

Although experimental investigations of GWVHT systems are typically performed
at laboratory scale for practical and economic reasons, real installations usually operate
at larger field scales. Under appropriate similarity conditions, the fundamental vortex
dynamics and turbine—flow interactions remain comparable, implying that a numerical
model validated against laboratory measurements can be reliably extended to predict the
performance of field-scale GWVHT systems.
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Figure 2. Schematic and geometrical dimensions of the GWVHT system considered: top view (top
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Figure 3. Geometrical configuration and dimensional parameters of the three runner types investi-
gated: (a) flat-bladed runner, (b) curved-bladed runner, and (c) vertically twisted runner. For each
configuration, the top, middle, and bottom rows show the isometric, top, and side views, respectively.

The main geometric parameters used in the numerical model are indicated, including the shaft diam-
eter Dgpaft, the turbine top diameter Dyyyt, the turbine bottom diameter Dy, 1, the blade curvature
diameter Dy, (for the curved and vertically twisted runners), the turbine height Hy,r, and the turbine
inclination angle a.

To relieve the high demand to obtain numerical simulations, it is beneficial and
appropriate to use a scaled down model of the prototype system (e.g., [40]). The scaled
model of the GWVHT system for the numerical simulations in the present study can be
created using the Froude number similarity [40], with the Froude number Fr defined

as follows: Iertia £ ,
nertia force
Fr= Gravity force ~ (gL)1/2’ 4
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where V and L are the characteristic velocity (m/s) and length (m), respectively. In the
present study;, it is appropriate to choose the average velocity and length of the inlet channel
as V and L, respectively.

The length scale factor used in the present study is A = 1/5 (scaled model/prototype).
With this length scale factor, the dimensions of the scaled model for the numerical simula-
tions and the corresponding prototype system, along with the operation conditions, are
listed in Table 1. The specific values of the dimensions and the operating conditions were
determined based on the literature. It should be noted that as in the numerical simulations,
the length of the inlet channel for the prototype system has no effect, so no scaling is applied
to it. Similarly, as all geometrical dimensions of the outlet channel for both the prototype
system and the scaled model have no influence on the system performance, no scalings are
applied to them either. Three discharge diameters (0.14, 0.16, and 0.20 m) are considered in
the present study to examine the effect of the discharge diameter.

Table 1. The dimensions of the main components of the GWVHT system and the operating conditions
considered for the prototype and the scaled model for the numerical simulations (A = 1/5).

Dimensions/Operating Conditions Prototype Scaled Model  Scale Factor

Operating conditions:

Available power, Pyitapre (KW) 41.130 0.147 A3D
Available head, i (m) 2.500 0.500 A
Flow rate, Q (m3/s) 1.654 0.030 AZ5
Free stream velocity, v (m/s) 1.923 0.86 A05
Inlet channel dimensions:

Width, W, e (m) 2.0 (max) 0.4 (max) A
Length, L;;, (m) - 1.5 -
Height, H;;, (m) 0.5 0.1 A

Approach angle (degree) 10.0 10.0 -
Outlet channel dimensions:

Width, Wy, (m) - 0.63 -
Length, Loyt (m) - 2.0 -
Height, Hyy (m) - 0.2 -
Basin dimensions:

Diameter, dj, (m) 5.0 1.0 A
Height, Hj, (m) 3.295 0.659 A

Discharge diameter, d,, (m) 0.7,0.8, 1.0 0.14,0.16, 0.2 A

As shown in Figure 2, in the numerical simulations of the present study, the length
of the inlet channel with the depth of 0.1 m is assumed to be 1.5 m away from the center
of the basin, and its width varies. In the first 0.2 m section, the width is 0.4 m, and after
that, the width reduces linearly toward the basin at the approach angle of 10°. The outlet
channel of the depth of 0.2 m is assumed to be 2.0 m long and its horizontal shape is
rectangular, with a width of 0.63 m. The diameter of the cylindrical basin is 1.0 m and its
height is 0.659 m. The discharge orifice at the basin bottom protrudes downward to the
water surface of the outlet channel by 0.02 m, and three values of the discharge orifice
diameter (0.14 m, 0.16 m, and 0.20 m) were considered.

Each turbine is positioned at the bottom most position of the basin near the discharge
orifice and is coaxial with the discharge orifice. The major parameters representing the
turbine characteristics include the shape, number and size (dimensions) of the blades,
the orientation and position of the blades in the basin, and the diameter of the shaft and/or
hub on which the blades are attached. All these parameters affect the overall system
performance. In the numerical simulations of the present study, as sketched in Figure 3,
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all three types of turbines considered have 5 blades and the height (H;,,) and the bottom
diameter (Dy,, 1) of each turbine are fixed at 0.2 m while the top diameters (Dy,+) are
fixed at 0.4 m. The diameter of the shaft (Dgy,f:), where the blades are attached, is fixed
at 0.02 m for each turbine. All turbines have a turbine inclination angle of & = 50° to the
vertical direction. For the curved turbine, each curved blade is of the curvature diameter
of D, = 0.3 m. For the vertical twisted turbine, each vertical twisted blade consists of
two segments with the same length, with one curved clockwise and the other curved
anti-clockwise at the same curvature diameter of D;, = 0.3 m. It was assumed that all
turbines are submerged in water in the basin.

2.3. Numerical Simulation Method

As shown above, this study considered three types of turbine (flat, curved, and vertical
twist) and for each turbine, three diameters of the discharge orifice were considered (0.14 m,
0.16 m, and 0.20 m), which form 9 configurations. For each configuration, five pre-defined
values of w (40 RPM, 60 RPM, 80 RPM, 100 RPM, and 120 RPM, where RPM is revolution per
minutes) were used. These combinations create 45 numerical simulation cases. The Volume
of Fluid (VOF) model, Moving Reference Frame (MRF) model, and SST k — w turbulence
model were used in the numerical simulation method of the present study. All these
three-dimensional numerical simulations were carried out using ANSYS Fluent 2023 R2.

2.3.1. VOF, MRF, and SST k — w Turbulence Model

The Volume of Fluid (VOF) model was employed to capture the air-water free-surface
in the GWVHT basin. The VOF method solves a single set of momentum equations and
tracks the volume fraction of each phase in every computational cell, allowing for accurate
representation of the interface between immiscible fluids. This approach is particularly
suitable for free-surface vortex flows, where strong interface deformation and air core
formation occur.

The Moving Reference Frame (MRF) method was used to model the rotating turbine
runner under steady-state conditions. In this approach, the governing equations are solved
in a rotating coordinate system within a pre-defined sub-domain surrounding the runner,
while the rest of the computational domain remains stationary. The MRF formulation
provides an efficient approximation of rotor—stator interaction and is widely used for
steady-state analysis of turbomachinery flows.

The SST k — w turbulence model was adopted because it combines the advantages
of the k — w model in near-wall regions with the robustness of the k — ¢ model in the free
stream. This makes it particularly suitable for flows with strong adverse pressure gradients,
flow separation, and swirling motion, which are characteristic of gravitational water vortex
turbine systems.

For a GWVHT system, the generation of torque—thus, electricity—comes from the
water vortices formed in the basin, which are generally free-surface turbulent flows. The per-
formance of the system is dictated by the vortex dynamics, with the air-water—turbine
interface playing a key role. For numerical simulations of such a two-phase (air and water)
flow, the VOF model introduced by Hirt and Nichols [47] is the most appropriate and has
been the most commonly used. In the previous studies on GWVHT systems, the VOF
model has been extensively used (e.g., [15,23,28,31,37—40,48-55]). As the VOF model has
been well documented in [47] and other sources and studies (e.g., ANSYS, Inc. provided
detailed theory guides and tutorials to use it, and [39,56] described it in the context of
hydropower turbines), the details of the VOF model are not presented here.

The flow in a GWVHT system is generally unsteady and turbulent, which results
in a very high demand in computational power, cost, and time. To ease this, a MRF
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model can be resorted. A MREF is defined as a reference frame moving with a prescribed
orientation and speed with respect to a stationary reference frame. The incorporation of
a MRF model in numerical simulations with moving objects has the benefit to convert
a flow field, which is unsteady with respect to the stationary frame, to become steady
with respect to the MRF [57]. In this way, only steady flow is needed to be numerically
simulated, which substantially reduces the demand in computational power, time, and
cost. The MRF model is relatively simple to implement and is very effective, efficient,
and much cheaper to numerically simulate flows involving moving objects, particularly
rotating objects, which makes it very popular and commonly used for rotational motion
problems in turbomachinery applications including the hydropower turbines considered
in the present study.

For the configuration of the GWVHT system considered in the present study, there are
three stationary regions (the inlet channel and the outlet channel and the basin itself) and
one rotational region (the fluid in the basin containing rotating turbine blades). When the
MRF model is used for the systems containing rotating objects like the one considered in
the present study, the velocity components in a defined region around the rotating turbine
blades are transformed to a rotating reference frame [52,53,58]. In this way, instead of the
blades moving physically through the water, the water moves around the blades with a
corresponding velocity [59]. The governing equations for the motion are modified to take
into account the additional acceleration terms that occur due to the transformation from
the stationary to the Moving Reference Frame [60,61]. The flow around the moving parts is
modeled by solving these equations in a steady-state framework. The fluid surrounding
the rotor is considered to be rotating with the blades, and an absolute velocity formulation
approach is chosen. With such a formulation, the governing equations are written with
respect to the reference frame of the computational domain [52,58]. Torque (T) is the
main output parameter for the present study and was monitored during the numerical
simulations. With the obtained T, P_extracted = Tw and thus the hydraulic efficiency 7
are calculated (with Equation (1)). As the introduction of the MRF model including the
governing equations has been well documented (such as [57,59,62,63]), its details are not
presented here too.

From the literature (e.g., [7]), it was noted that the most commonly used turbulent
model for GWVHT systems and other very similar hydropower turbine systems is the
SST k — w turbulence model [31,37-40,49,52-54,56,58,60,64-71]. As the details of the SST
k — w turbulence model have been well documented (e.g., [52,63,67,68]), they are also not
presented here as well.

2.3.2. Computational Domain and the Boundary Conditions

The computational domain and the boundary conditions for the numerical simulations
of the present study are presented in Figure 4. The whole computational domain consists of
three main regions: the inlet channel, the outlet channel, and the basin in which the rotating
turbine sits. With the use of the MRF model, the whole computational domain is divided
into two different domains in terms of the motion of fluid: the stationary domain, which
includes the inlet and outlet channels and the basin itself, and the rotating domain, which
is the space occupied by the fluid, noting the blades and the turbine shaft being stationary
in the MRF model.

The boundary conditions at different boundaries are labeled in Figure 4. For all solid
boundaries, no-slip boundary conditions were imposed. An inlet velocity of 0.86 m/s
was imposed at the inlet channel, with this value calculated with the equation proposed
by Velasquez et al. [28] through their study on the optimization of the inlet channel and
basin. The upper surfaces of the channels (at the free surfaces) and basin were set at a static
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pressure of 0 Pa, and air could enter and exit freely. The rotating domain was set to rotate
with increments of 20 RPM from 40 RPM to 120 RPM.

Free surface  ( Pressure outlet ) ) ) )
\! ¢ Basin ( Stationary Domain )

Inlet— \ | |

b ( Pressure outlet )

m Free surface l
/%: }*'Out\et ( Pressure outlet )

Raotary Domain - MRF

Turbine

Figure 4. Computational domain and the boundary conditions.

2.3.3. Meshing of the Computational Domain

The 3D Modeling Software Spaceclaim in Ansys Fluent was used to model the ge-
ometry of the computational domain and create structured meshes using the in-built
Mosaic Meshing Technology. Mosaic Meshing is an advanced meshing technology which
conformally connects any type of mesh to any other type of mesh, making it possible to
build optimal meshes that use the best type of element in every section of the mesh. It
is particularly efficient for numerical simulations involving very complex computational
domains like the one used in the present study. Polyhexcore meshes created with the
Mosaic Meshing Technology were shown to shorten up to 50% of the simulation time when
compared to hexcore or generalized polyhedral meshes of the same accuracy [72,73].

For the surface meshing, the clean geometry is imported and the global and local
sizing parameters are assigned. In the present study, the minimum global cell size was
3 mm while the local fine cell sizing of 2 mm and 1 mm were applied to the two free-surface
channels and turbine, respectively, to capture the VOF on the free-surface interface and
the viscous forces at the turbine walls. The growth rate of the grid of 1.2 was applied.
A skewness quality factor of 0.51 was achieved, indicating a good quality surface mesh.
The surface meshing provides a good foundation for good volume meshing.

For volume meshing, the polyhexcore volume meshing type was used. Five inflation
layers of cells were used on the outer layer to capture velocity and pressure gradients.
The interior of the basin was meshed using structured polyhexcore cells and the orthogonal
prism cell was meshed on the basin and blades. A total of 2.4 million cells were generated,
resulting in a good orthogonal quality of 0.2.

The meshing created using the Mosaic Meshing Technology for the present study is
presented in Figure 5.

A mesh independence test was conducted for the case in which the discharging di-
ameter of the basin is 0.16 m and the turbine with 5 curved blades rotated at 80 RPM,
with four different meshes. The details of the meshes and the mesh independence test
results in terms of torque, which is the main output parameter to quantify the performance
of the GWVHT system, are presented in Table 2. From the table, it is seen that the torque
produced with the fine mesh with about 2.4 millions of elements and that with the finest
mesh with about 3.6 millions of elements are essentially the same, indicating that the fine
mesh can produce accurate simulation results; thus, it was chosen for all the numerical
simulation of the present study. On the walls of this mesh, y© < 5 was ensured. This
mesh has the volume elements which are slightly smaller than the 2.6 millions used by
Edirisinghe et al. [40], but larger than those used by Veldsquez et al. [15,28,31], Ediris-
inghe et al. [30], and Yosry et al. [56], which are some recent leading numerical studies on
GWVHT systems.
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(b) (c)

Figure 5. Meshing of the computational domains: (a) an isometric view of the surface meshing of the

whole computational domain; (b) a 2D view of the volume meshing on a vertical plane through the
rotation axis, focusing on the turbine; and (c) a 2D view of the volume meshing on a horizontal plane,
focusing on the basin and the turbine, respectively.

Table 2. Mesh independence test results.

Mesh Minimum Surface Rotary Stationary Total Volume Torque Difference
Element Size (m) Domain Domain Volume Elements (N'm) (%)
Coarse 0.029 925,880 135,624 951,721 3.949 17.2
Medium 0.019 913,375 218,221 1,131,596 4.767 0.3
Fine 0.003 2,013,127 390,295 2,403,422 4.781 0.08
Finest 0.0025 3,147,544 433,205 3,580,749 4.785 0

2.3.4. ANSYS Fluent Setup

All numerical simulations were carried out using ANSYS Fluent 2023 R2. In the
Fluent setup, the flows were assumed to be three-dimensional and at the steady state.
A homogeneous VOF multiphase model with water and air as fluid phases percentages
(%) with the implicit volume fraction formulation was used. The open channel and the
free-surface model were activated to allow for traction of the phase interfaces. The surface
tension force modeling was switched on and the surface tension coefficient was set to be
0.072 N/m. The MRF model was selected to deal with the stationary and moving domains.
The steady-state two-phase simulations were performed using the pressure-based coupled
solver with pseudo-transient stabilization enabled. In this approach, the pseudo-time
step is automatically and adaptively calculated by ANSYS Fluent based on the local mesh
length scales and flow velocities through an internal Courant-number-based formulation.
Therefore, no user-defined pseudo-time step was prescribed. Convergence was assessed
not only by residual reduction (to at least 10~°) but also by monitoring the stabilization of
integral quantities, including turbine torque, output power, and global mass and volume
fraction balance. A solution was considered converged only when all monitored variables
reached steady and physically consistent values. The rotational speed was assigned starting
from 40 RPM to 120 RPM with an increment of 20 RPM. The inlet boundary was assigned
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at a constant velocity of 0.86 m/s. At the inlet, the water was assigned to a multiphase
volume fraction of 1, indicating water is the primary fluid. The SST k — w turbulence
model was selected, with the turbulent intensity and turbulent viscosity ratio of 5% and 10
assigned respectively.

2.4. Validation

The numerical model was validated against the experimental configuration reported
by Edirisinghe et al. [40], where the turbine geometry and operating conditions were repro-
duced based on the parameters available in the reference. The reason for this choice is that
it is the most similar study which has both experimental and numerical results available
for the validation purpose of the present study, and Edirinsinghe et al. validated their
numerical simulation method with their experimental results. In the study by Edirins-
inghe et al. [40], as sketched in Figure 6, a conical basin is used and the turbine used has
8 vertical twisted blades.

Figure 7 presents a direct validation of the present CFD model against the experimen-
tal measurements reported by Edirisinghe et al. [40], together with their corresponding
numerical predictions. The comparison is performed for five turbine rotational speeds
using the same configuration shown in Figure 6, and is based on both hydraulic efficiency
(7, %) and torque (T, N-m).

In this figure, the dimensionless specific speed (Ns) used by Edirinsinghe et al. [40],
as defined below, is used instead of the dimensional rotation speed (w)

wpP1/2
Ns - W’ (5)

where w is in RPM (rev/min) over 40 RPM-120 RPM, P is the power in kW, and H is the
hydraulic head in m. In both the study of Edirinsinghe et al. [40] and the present study,
P =0.04 kW and H = 0.45 m were used, respectively.

From Figure 7, it can be seen that the numerical simulation results of the present study
replicate the numerical simulations results of Edirinsinghe et al. [40] exceptionally well,
with the maximum differences in #7 and T below 2% for all rotational speeds considered.
This indicates that the numerical simulation method of the present study is validated.
Small discrepancies between the numerical and experimental results may arise from un-
certainties associated with free-surface instability, air-water interaction, turbulence model
assumptions, interface capturing errors in the VOF method, grid resolution near the blade
edges and free-surface, and experimental measurement limitations in highly unsteady
vortex-dominated flows. Nevertheless, the observed agreement in both torque and hy-
draulic efficiency demonstrates that the present numerical framework reliably captures the
dominant hydrodynamic behavior of the GWVHT system.

It should be noted that although the validation is performed using the configuration
studied by Edirisinghe et al. [40], which differs from the cylindrical basin and blade geome-
tries investigated in the present work, the excellent agreement with both experimental and
numerical data confirms the general reliability of the numerical methodology prior to its
application to the new turbine configurations considered in this study.
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Figure 6. Schematic and the geometrical dimensions of the GWVHT system considered by Edirins-

inghe et al. [40] for the validation: (a) top view, (b) size view, and (c) turbine blades (adopted from
Edirinsinghe et al. [40]).
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Figure 7. Comparison of the numerical and experimental results of Edirinsinghe et al. [40] and the
numerical results of the present study for the validation: (a) hydraulic efficiency (17, %) and (b) torque
(T, N-m).

3. Results and Discussion
3.1. Qualitative Analysis

For the qualitative analysis, the contours of water (Phase 2) fraction, pressure, velocity,
and turbulent kinetic energy (k) on several vertical and horizontal planes are presented.
These planes are depicted in Figure 8, which include five vertical Y — Z planes at different
X locations between 0.0 m and 0.4 m, five vertical X — Y planes at different Z locations
between 0.0 m and 0.4 m, and five horizontal X — Z planes at different Y locations between
0.0 m and 0.4 m, respectively. However, when the comparisons are made to show the effects
of blade shape, discharge diameter, and turbine rotation speed, only the contours on the
two vertical planes (Plane 1, which is the vertical Y — Z plane at X = 0.0 m, and Plane 2,
which is the vertical X — Y plane at Z = 0.0 m) are presented, although the contours on all
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five horizontal X — Z planes at five Y locations (Y = 0.0 m, 0.1 m, 0.2 m, 0.3 m, and 0.4 m,
respectively) are still presented.

z
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Figure 8. Sketch of the planes on which the contours of water (Phase 2) fraction, pressure, velocity,
and turbulent kinetic energy (k) are presented for the qualitative analysis: (a) five vertical Y — Z
planes at different X locations between 0.0 m and 0.4 m and five vertical X — Y planes at different
Z locations between 0.0 m and 0.4 m; and (b) five horizontal X — Z planes at different Y locations
between 0.0 m and 0.4 m, respectively.

3.1.1. Representative Contours of Water Fraction, Pressure, Velocity, and k on
Different Planes

To present an overview of the contours of water fraction, pressure, velocity, and k on
different planes in the cylindrical basin, the specific case with five curved turbine blades
which rotate at w = 80 RPM and with a discharge orifice diameter of d, = 0.16 m is selected
as an example. The results are shown in Figures 9-12 for the contours of water fraction,
pressure, velocity, and k, respectively.

Vertical planes at different X locations

Phase 2.Volume Fraction
— \ Contour 1
- 5 ~—— — 1.00
v 0.94
0.87
0.81
0.75
s - + 0.69
Vertical planes at different Z locations 32%
0.50
] 0 0 B R
- — - 0.37
/ 7/ 7ﬁ/ ,/ e 031
025
0.19
0.12
0.06
0.00

Horizontal planes at different Y locations

0.0m 0.1m 0.2m 0.3m

Figure 9. Contours of water (Phase 2) fraction on five vertical Y — Z planes at different X locations

0.4m

(top row), five vertical X — Y planes at different Z locations (middle row), and five horizontal X — Z
planes at different Y locations (bottom row) for the case with five curved turbine blades which rotate
at w = 80 RPM and with a discharge orifice diameter of d, = 0.16 m.
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Vertical planes at different X locations
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Figure 10. The corresponding contours of pressure on the same vertical and horizontal planes as
those in Figure 9.

Vertical planes at different X locations
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Figure 11. The corresponding contours of velocity on the same vertical and horizontal planes as those
in Figure 9.

0.0m 0.4m

From Figure 9, it is seen that the lower region of the basin containing the turbine is fully
occupied by water, while the upper region is dominated by air, indicating the formation
of a stable free-surface vortex. This structure is governed by the strong radial pressure
gradient generated by the swirling flow, where pressure decreases toward the vortex core
and sustains the air-water interface and the development of the air core. The mixing layers
observed at the interface correspond to regions of high shear between the rotating water
and the air phase. Their nearly horizontal distribution on planes at different X locations
suggests a largely axisymmetric vortex away from the inlet, whereas the locally thicker
mixing regions near one side of the basin arise from inlet-induced asymmetry and blade-
driven centrifugal effects. The inclined interface observed on planes at different Z locations
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reflects the progressive strengthening of the vortex and pressure depression toward the
discharge orifice, which is a characteristic feature of gravitational vortex systems [7,41].

Vertical planes at different X locations

MM N B
7 J . -

Turbulence Kinetic Energy
Contour 1
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0.07
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Horizontal planes at different Y locations 8:8‘8
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0.0m 0.1Tm 0.2m 0.3m 0.4m

Figure 12. The corresponding contours of kinetic energy (k) on the same vertical and horizontal
planes as those in Figure 9.

The pressure distributions at different vertical and horizontal planes vary significantly,
particularly in the regions around the turbine and near the bottom, as shown in Figure 10.
The pressure field plays a central role in vortex formation and energy conversion [74].
Three distinct regions can be identified along the vertical direction: a top region, a middle
region whose lower boundary lies just above the turbine blades, and a bottom region
containing the turbine. In the top region, the pressure remains close to atmospheric and
nearly uniform, while the boundary between the top and middle regions coincides with the
air-water mixing layer observed in the phase contours. Within this layer, pressure increases
gradually downward, whereas in the core of the middle region, the pressure remains
relatively uniform but significantly lower than in the bottom region. These low-pressure
zones are responsible for the formation and stability of the free-surface (air core) vortex [7].
In a rotational vortex, the presence of high tangential velocities modifies the hydrostatic
balance through a strong radial dynamic pressure field, which lowers the pressure toward
the vortex center. The associated centrifugal acceleration, pvé /1 ~ op/odr, generated by
the tangential velocity, vy, produces an inward pressure gradient that sharpens the mixing
interface and sustains the low-pressure air core [7]. In the bottom region, the pressure
increases markedly toward the discharge orifice as the flow accelerates downward through
the small opening, indicating the concentration of kinetic energy near the turbine. In low-
head vortex turbines, useful energy is extracted mainly from kinetic energy; accordingly,
based on Bernoulli’s principle, the velocity scales with v/, and the vortex redistributes this
energy into tangential motion and pressure depression in the core, where energy extraction
is most effective.

The velocity contours are presented in Figure 11. It should be noted that the horizontal
tangential velocity (vy) at a particular point presented in the velocity contours is the relative
velocity to the vertical plane, which rotates about the central axis at the same rotation speed
(w) as the turbine due to the use of the Moving Reference Frame (MRF) model, as described
in Section 2.3.1, which is defined as a reference frame moving horizontally at w with respect
to a stationary reference frame (in this case, the stationary container wall and bottom).
This means that the absolute horizontal tangential velocity with respect to the stationary
container wall and bottom at the point should be the summation of the relative horizontal
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tangential velocity presented in the contour and wr, where r is the horizontal redial distance
between the point and the central axis. The use of horizontal relative velocity contours is
preferable as they can more explicitly illustrate the variations and distributions of velocity
without the interference. Nevertheless, as the reference frame only rotates horizontally,
the vertical velocity at a point is the absolute velocity with respect to the stationary container
wall and bottom and is not affected by the rotation. From the figure, it is observed that the
velocity distributions on each plane considered vary significantly and generally are not
uniform. In the bottom region containing the turbine, velocities are large and vary notably
within the turbine and its nearby area with strong shears at the tips of the blades, indicating
intense blade—flow interaction and effective momentum exchange between the vortex and
the runner, while far away from the turbine, the relative velocities are very small, indicating
that the flow in such areas are essentially laminar and in a manner of rigid-body rotation
of fluid, which is characteristic of a well-developed vortex flow. At the bottom (Y = 0 m),
as expected from the conservation of mass, the relative velocities are the largest in a smaller
area around the discharge orifice, as the water is discharged through the relatively very
small exit orifice, reflecting strong flow acceleration toward the outlet. The distribution of
the relative velocities in this small area is significantly not uniform due to the very strong
turbulent behavior. Above the turbine (Y = 0.3 m and 0.4 m), the relative velocities are
generally small, except at the entry location of the water in the inlet passage channel into
the basin where they are very large due to the impingement of the water on the container
wall, confirming that the inlet jet locally enhances the vortex strength and flow asymmetry.

Although the use of the MRF model affects the absolute horizontal tangential velocity
at a point, the corresponding turbulent kinetic energy is not affected as k quantifies the
variation in velocity, which is independent of the horizontal rotation of the MRF. The con-
tours of k on different planes are shown in Figure 12. The results demonstrate that the
characteristics of the distributions of k are very similar to that of the velocity, as shown in
Figure 11. It clearly shows that the turbulence occurs mainly in the areas around the turbine
with the strongest turbulence occurring at the tips of the blades, around the discharge
orifice, and at the entry location of the water in the inlet passage channel into the basin,
which correspond to regions of strong velocity gradients, flow separation, and intense
vortex-blade interaction. For the majority of the remaining regions in the basin, the values
of k are negligible, confirming that the flow is essentially laminar and in a manner of
rigid-body rotation of fluid, indicating that the large-scale vortex motion is stable and only
weakly dissipative away from the turbine and inlet zones, as revealed above from the
velocity contours.

3.1.2. Effects of Turbine Blade Shape

To examine qualitatively the effect of turbine blade shape, the contours of water
fraction, pressure, velocity, and k on Plane 1, Plane 2, and five horizontal X — Z planes at
Y =0.0m, 0.1 m, 0.2 m, 0.3 m, and 0.4 m, respectively, are presented for the three blade
shapes (curved, flat, and vertical twist) for the three cases in which the turbines rotate at
w = 80 RPM and the discharge orifice diameter is d, = 0.16 m. These contours are shown
in Figures 13-16, respectively.

Figure 13 demonstrates that, for all three turbine blade configurations, the lower
two-thirds of the basin is entirely occupied by water, whereas the upper one-third is
predominantly filled with air. Distinct mixing layers are evident at the air-water interface
on the two vertical planes and the horizontal plane at Y = 0.4 m considered. Notably,
the thickness and geometric profiles of these layers vary considerably depending on the
blade shape. For the cases with curved and vertically twisted blades, the mixing layers
exhibit comparable thicknesses and profiles. On Plane 1, the layers are largely horizontal,
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although pronounced localized mixing occurs near one side of the basin, which is attributed
to the centrifugal forces generated by turbine rotation in conjunction with the specific inflow
location of water through the inlet passage. The extent of this localized mixing is markedly
greater for the vertical twisted blades than for the curved blades, underscoring subtle
differences in their hydrodynamic influence. On Plane 2, the mixing layer profiles for both
curved blade types are inclined in the same direction, with similar thicknesses, a similarity
likely arising from their shared curved geometries. In contrast, the flat blades produce
mixing layers that diverge substantially from those associated with curved blades. On both
planes, the layers are thicker and exhibit distinct profiles. On Plane 1, the mixing layer is
slightly inclined, and no strong localized mixing region is observed near the basin wall,
unlike the cases with the curved blades. On Plane 2, the mixing layer is nearly horizontal,
yet a pronounced localized mixing region emerges near one side of the basin—an effect
absent in the curved blade configurations. These pronounced differences in mixing layer
behavior across the three blade types, as observed on Plane 1 and Plane 2, are further
corroborated by the contours on the horizontal plane at Y = 0.4 m, indicating that blade
geometry directly controls the strength and stability of the vortex-induced free-surface
depression through its influence on local swirl intensity and air-water interaction.

Water (phase 2) volume fraction contours

0000%

0000
00006

Plane 1 Plane 2 Y=0.0m Y=0.1m Y¥=0.2m Y=0.3m Y¥=0.4m

Curved

Flat

Vertical
Twist

Figure 13. Comparison of the contours of water (Phase 2) fraction on two vertical planes (Plane 1 and
Plane 2) and five horizontal X — Z planes at different Y locations for the three turbine blade types
(curved: top row; flat: middle row; vertical twist: bottom row), all at w = 80 RPM with d, = 0.16 m.
The scales for the water volume fraction contours are the same as shown in Figure 9.

From Figure 14, it is seen that the pressure contours associated with the three turbine
blade configurations exhibit notable differences across all planes considered, despite shar-
ing certain common features previously described for the curved blade case. The contours
for the two curved blade configurations are broadly similar, reflecting their comparable
geometrical characteristics, whereas the flat blade configuration demonstrates distinct devi-
ations. A notable distinction arises in the boundary profile between the upper and middle
regions on Plane 2. For the curved blade turbines, this boundary inclines in a direction
opposite to that with the flat blades. Additional differences are evident in the thickness
of the near-bottom regions, away from the turbine, where pressure increases downward
with steep gradients. Furthermore, the pressure distributions across the horizontal planes
reveal clear variations among the three blade types. Once again, the curved blade config-
urations exhibit comparable patterns, while the flat blades produce noticeably different
distributions, showing that changes in blade geometry modify the local pressure recovery
and redistribution of momentum, which in turn alters the structure and strength of the
pressure field driving the vortex flow.
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Figure 14. Comparison of the corresponding contours of pressure on the same vertical and horizontal
planes as those in Figure 13. The scales for the pressure contours are the same as shown in Figure 10.
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Figure 15. Comparison of the corresponding contours of velocity on the same vertical and horizontal
planes as those in Figure 13. The scales for the velocity contours are the same as shown in Figure 11.

Turbulence kinetic energy contours
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Figure 16. Comparison of the corresponding contours of k on the same vertical and horizontal planes
as those in Figure 13. The scales for the contours of k are the same as shown in Figure 12.

Similarly, Figures 15 and 16 reveal that, across all three turbine blade configurations,
the velocity and k contours on each plane exhibit discernible differences, while retaining
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certain common features previously noted for the curved blade case. The contours corre-
sponding to the two curved blade designs are broadly comparable, reflecting the influence
of their similar geometrical curvature. In contrast, the flat blade configuration produces con-
tours that deviate from these patterns, underscoring the distinct hydrodynamic behavior
associated with its geometry.

3.1.3. Effects of Discharge Orifice Diameter

To examine qualitatively the effect of discharge orifice diameter (d,), the contours of
water fraction, pressure, velocity, and k on Plane 1, Plane 2, and five horizontal X — Z planes
atY =0.0m, 0.1 m, 0.2 m, 0.3 m, and 0.4 m, respectively, are presented for the three dis-
charge diameters considered (d, = 0.14 m, 0.16 m, and 0.20 m) for the three cases in which
the turbines rotate at w = 80 RPM. These contours are shown in Figures 17-20, respectively.

Water (phase 2) volume fraction contours

00000
0000
00006

Plane 1 Plane 2 Y=0.0m Y=0.1m Y=0.2m Y=0.3m Y=0.4m
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Dy=0.16m
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Figure 17. Comparison of the contours of water (Phase 2) fraction on two vertical planes (Plane 1 and
Plane 2) and five horizontal X — Z planes at different Y locations for the three discharge diameters
(do = 0.14 m: top row; d, = 0.16 m: middle row; d, = 0.20 m: bottom row), all with curved blades
rotating at w = 80 RPM. The scales for the water volume fraction contours are the same as shown in
Figure 9.

From Figure 17, it can be seen that the discharge orifice diameter has a significant effect
on the water distributions and vortex structure, particularly along the vertical direction,
as illustrated by the contours on Plane 1 and Plane 2. It is interesting to note that the profiles
of the mixing layer for the d, = 0.14 m and d, = 0.20 m cases are geometrically similar,
although thicknesses and the volumes of the water-occupied regions differ. The profile
and thickness of the mixing layer for the d, = 0.16 m case are noticeably different, not
only on Plane 1 and Plane 2, but also on the horizontal plane at Y = 0.4 m. The size of the
water-occupied region for the d, = 0.20 m case is also larger than those for the d, = 0.14 m
and d, = 0.20 m cases. Such differences demonstrate that the influence of the discharge
orifice diameter on the vortex-induced free-surface structure and water distribution is
non-monotonic and governed by a complex interaction between flow contraction, vortex
strength, and air core development.

From Figure 18, it is seen that the pressure contours for the three discharge orifice
diameters exhibit clear differences in both magnitude and spatial distribution across all
planes considered, although sharing certain common features previously described for
the curve blade case at d, = 0.16 m. For all three d,, cases, the sizes and profiles of the
boundaries between two adjacent pressure regions differ significantly, consistent with the
corresponding variations observed in the water-air interface structure. For the d, = 0.14 m
case, the relatively small discharge opening restricts the outflow, resulting in a larger and
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thicker region of elevated pressure gradients and strong turbulence on the basin bottom
away from the orifice. When d,, increases, water can be discharged more easily through
the orifice, leading to a reduction in both the extent and thickness of the highly turbulent
bottom region. The smaller and thinner turbulent area on the bottom, away from the
turbine, for the d, = 0.16 m case, compared to those for the d, = 0.14 m and d, = 0.20 m
cases, indicates that the effect of the discharge diameter on the pressure field and associated
vortex dynamics is non-monotonic, reflecting a balance between flow contraction at the
orifice, vortex strength, and pressure recovery in the basin.

Pressure contours
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Figure 18. Comparison of the corresponding contours of pressure on the same vertical and horizontal
planes as those in Figure 17. The scales for the pressure contours are the same as that shown in
Figure 10.

The effect of the discharge orifice diameter is more evidently illustrated by the velocity
and k contours, as shown in Figures 19 and 20. However, for the three d,, cases, the velocity
and k contours on each plane exhibit significant differences, while retaining certain common
features previously noted for the d, = 0.16 m case. Again these contours further confirm
the non-monotonic nature of the flow with d,,.

Velocity contours
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Figure 19. Comparison of the corresponding contours of velocity on the same vertical and horizontal
planes as those in Figure 17. The scales for the velocity contours are the same as that shown in
Figure 11.
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Turbulence kinetic energy contours
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Figure 20. Comparison of the corresponding contours of k on the same vertical and horizontal planes
as those in Figure 17. The scales for the k contours are the same as shown in Figure 12.

3.1.4. Effects of Turbine Rotation Speed

To examine qualitatively the effect of turbine rotation speed (w), the contours of water
fraction, pressure, velocity, and k on Plane 1, Plane 2, and five horizontal X — Z planes at
Y =0.0m, 0.1 m, 0.2m, 0.3 m, and 0.4 m, respectively, are presented for the five turbine
rotation speeds considered (w = 40 RPM, 60 RPM, 80 RPM, 100 RPM, and 120 RPM) for
the five cases in which the turbine blades are curved and the discharge orifice diameter is
0.16 m. These contours are shown in Figures 21-24, respectively.

From Figure 21, it can be seen that the rotational speed of the turbine (w) has a
significant effect on the water distribution and the dynamic vortex characteristics, partic-
ularly along the vertical direction, as illustrated by the contours on Plane 1 and Plane 2,
as well as on the horizontal plane at Y = 0.4 m. Although all cases with five different
rotational speeds share some common water distribution patterns as that for the case with
w = 80 RPM, the variations in the mixing layer thickness and the size of the water-occupied
region indicate changes in vortex strength and air-water interaction with increasing w.
The results clearly show that, similar to the effect of d,,, the variation in the water distribu-
tion is not monotonic with rotational speed, as the sizes and the profiles of the mixing layer
of the water region change in a non-linear way.

From Figure 22, it is seen that the pressure contours for all rotational speeds exhibit sig-
nificant differences across all planes considered, although sharing certain common features
previously described for the curve blade case at d, = 0.16 m and at w = 80 RPM. For all
rotational speeds, the sizes and profiles of the boundaries between two adjacent pressure
regions differ significantly, consistent with the corresponding variations observed in the
water-air interface structure. At low rotational speeds (40 RPM and 60 RPM), the profiles
of the boundary between the top region and the middle region are basically horizontal on
Plane 1 and Plane 2. But with the increase of rotational speed, although the profiles of the
boundary between the top and middle regions are essentially horizontal on Plane 1, they
incline on Plane 2, reflecting the strengthening and asymmetry of the swirling flow and
the associated radial pressure gradient. The inclination direction varies significantly and in
a non-monotonic manner , highlighting the complex balance between vortex intensification
and flow stability at different rotational speeds. The thickness of the region on the bottom,
away from the turbine, also varies significantly and non-monotonically. The pressure
distributions on the horizontal planes at different heights are notably different, reflecting
the sensitivity of the vortex-driven pressure field to changes in turbine rotational speed.
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Water (phase 2) volume fraction contours
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Figure 21. Comparison of the contours of water (Phase 2) fraction on two vertical planes (Plane 1 and
Plane 2) and five horizontal X — Z planes at different Y locations for the five turbine rotation speeds
(w = 40 RPM: top row; w = 60 RPM: second row; w = 80 RPM: third row; w = 100 RPM: fourth
row; w = 120 RPM: bottom row), all with curved blades and d, = 0.16 m. The scales for the water
volume fraction contours are the same as shown in Figure 9.
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Figure 22. Comparison of the corresponding contours of pressure on the same vertical and horizontal
planes as those in Figure 21. The scales for the pressure contours are the same as that shown in
Figure 10.

The significant effect of rotational speed is also illustrated by the velocity and turbulent
kinetic energy contours, as shown in Figures 23 and 24. In general, it is observed that with
the increase of rotational speed, the velocity and turbulent kinetic energy increase on all
planes with significant differences, but they still retain certain common features previously
noted for the w = 80 RPM case as described above. The decreased turbulence in the top
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region and increased turbulence in the bottom region, particularly around the blade tips
when rotational speed increases, also confirm the non-monotonic effect of rotational speed
observed from the distributions of water and pressure as described above.

Velocity contours

100 RPM 80 RPM 60 RPM 40 RPM

120 RPM

Plane 1 Plane 2 Y=0.0m Y=0.1Tm Y=0.2m Y=0.3m Y=0.4m

Figure 23. Comparison of the corresponding contours of velocity on the same vertical and horizontal
planes as those in Figure 21. The scales for the velocity contours are the same as that shown in
Figure 11.

Turbulence kinetic energy contours

40 RPM

'.

=

o

o

o

©

=

&

0 2%

= 1

o

o A <

= .

[-%
MNQ¢
g < S ‘

Plane 1 Plane 2 ¥Y=0.0m ¥Y=0.1m Y=0.2m ¥Y=0.3m ¥=0.4m

Figure 24. Comparison of the corresponding contours of k on the same vertical and horizontal planes
as those in Figure 21. The scales for the k contours are the same as shown in Figure 12.
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3.2. Quantitative Analysis
3.2.1. Torque, Power, and Efficiency

The numerically obtained values of torque, power, and efficiency for all cases consid-
ered are plotted against rotational speed in Figures 25 and 26. Although the data presented
in these two figures are the same, the repetition is beneficial as the individual effect of the
discharge orifice diameter and blade shape can be more explicitly and separately observed
from Figure 25 and Figure 26, respectively.

From Figure 25, it is seen that for each type of turbine blade and each discharge
orifice diameter, the generated torque (T) increases almost linearly at a large rate (around
0.2 N-m/RPM) when the rotational speed increases from 40 RPM to 80 RPM and then
decreases, also essentially linearly, at a much smaller rate (around —0.08 N-m/RPM) when
the rotational speed is further increased from 80 RPM to 120 RPM, clearly illustrating the
significant but non-monotonic effect of rotational speed on the turbine system performance,
which is in agreement with the qualitative results as described above. As the generated
power (Peyiracted) is Tw, as defined by Equation (3), and the efficiency (7) is calculated by
the ratio of P,ysrqcteq and the available power (Pyyi1qp1., Which is defined by Equation (2)
and is 147 W in the present study as shown in Table 1), as defined by Equation (1), it is
seen that the corresponding power and efficiency follow a similar trend when rotational
speed increases, although both decrease at a significantly smaller rate when the rotational
speed increases from 80 RPM to 120 RPM compared to torque. Such trends are in line
with the findings in [38,75], i.e., torque stalls after certain RPM whilst turbulence increases,
thus highlighting the inefficiency of high speeds, and beyond stalled torque, the energy
derived from increased turbulence is dissipated into the small eddies instead of useful
rotation. The results indicate that at a rotation speed of 80 RPM, all turbine systems attain
maximum efficiency (between 40% and 62%, which are very good outcomes for such low
head gravitational water vortex hydro-turbine systems). However, when the rotation speed
is reduced, the efficiency drops dramatically, suggesting that the system should not operate
at low rotation speeds. On the other hand, making the system run at higher than 80 RPM
will not further improve the system performance, but on the contrary, will reduce the
system performance, although the deterioration is not significant. It is observed that the
highest efficiency and torque are consistently obtained at 80 RPM for all cases considered.
This behavior can be attributed to an optimal balance between vortex stability and turbine—
vortex interaction. Atlower rotational speeds, the turbine does not fully extract the available
tangential momentum of the vortex, whereas at higher rotational speeds, excessive blade—
flow interaction increases turbulence and disturbs the vortex core, leading to enhanced
energy dissipation. Aa around 80 RPM, the vortex structure remains stable while the blades
extract angular momentum efficiently, resulting in maximum power conversion.

Figure 25 further shows that for three types of turbine blades, the turbine systems
with a discharge orifice diameter of 0.16 m perform significantly better than those with
do = 0.14 m and d, = 0.20 m across all rotational speeds considered. In general, the per-
formances of the turbine systems with d, = 0.14 m and d, = 0.20 m are very comparable.
These results clearly illustrate the significant but non-monotonic effect of the discharge
orifice diameter on the turbine system performance, which is also in agreement with the
qualitative results as described above.

Although the maximum efficiency obtained in this study (58-62%) is higher than
the typical range of 25.7-42.1% reported in previous reviews, direct comparison is not
straightforward due to differences in turbine geometry, basin configuration, and numerical
methodology. Only a limited number of studies consider purely cylindrical basins with
runner dimensions comparable to the present design, while many include additional
features such as baffles, guide vanes, or conical basins, which alter the vortex structure
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and energy dissipation. In gravitational water vortex turbines, torque generation is mainly
governed by the pressure gradients and tangential momentum of the rotating vortex rather
than solely by the inlet kinetic energy. In addition, the steady-state MRF formulation used
here provides an upper-bound estimate of performance, as unsteady losses associated with
vortex breakdown and blade-vortex interaction are not resolved. These factors explain
why the present efficiencies fall at the upper end of the range reported in the literature.
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Figure 25. Torque, power, and efficiency plotted against rotation speed with different discharge
orifice diameters for the three types of turbine blade: flat blades (top row), curved blades (middle
row), and vertical twisted blades (bottom row).

Figure 26 reveals that for all three discharge orifice diameters considered, the turbine
systems with the curve blades perform significantly better than those with the flat and
vertical twisted blades across all rotational speeds considered. In general, the performances
of the turbine systems with the flat and vertical twisted blades are very comparable. These
results illustrate the significant effect of turbine blade shape on the turbine system perfor-
mance, which is again in agreement with the qualitative results as described previously.

3.2.2. Volume-Averaged Turbulent Kinetic Energy

As turbulent kinetic energy is closely related to the power produced by a turbine,
as shown above, it is worth examining its quantitative variations when the rotation speed,
turbine blade shape, and discharge orifice diameter change. In Figures 27 and 28, the ob-
tained volume-averaged turbulent kinetic energy is plotted against rotation speed for
the variations in the discharge orifice diameter and blade shape. Although the data
presented in these two figures are the same, similar to that for torque, power, and effi-
ciency as shown above, such a repetition is beneficial as the individual effect of the blade
shape and discharge orifice diameter can be more explicitly and separately observed from
Figures 27 and Figure 28, respectively.
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Figure 26. Torque, power, and efficiency plotted against rotation speed for the three types of turbine
blades with different discharge orifice diameters: d, = 0.14 m (top row), d, = 0.16 m (middle row),
and d, = 0.20 m (bottom row).

From the results presented in the figures, it is clearly seen that the volume-averaged
k is closely related to torque and power, with similar trends observed. In the numerical
simulations of vortex hydropower systems with the MRF scheme, most of the volume-
averaged turbulent kinetic energy is generated in the turbine region where the relative
motion between blades and water is the highest [76]. It can be seen in Figure 27 that
the turbine with curved blades produces larger volume-averaged k values as it produces
stronger shear and more complex wake structures, leading to larger volume-averaged k
in the rotating region, compared to flat or vertical twisted blades. This explains why the
volume-averaged k across the rotation speeds shown in Figure 27 have larger magnitudes
and earlier peaks for curved blades [77]. The flat and twisted blades produce slightly
moderate volume-averaged k as they are unable to capture adequate angular momentum to
generate more torque. Beyond the optimal rotation speed of 80 RPM, the volume-averaged
k decreases as rotation speed increases, becomes more dissipative, and may result in a drop
in torque as well [76].

From Figure 28, it can be seen that the turbine with curved blades when d, = 0.16 m
produces larger volume-averaged k. This is consistent with the previous findings that
for gravitational vortex turbines, an optimal ratio of the discharge orifice diameter to the
basin diameter (d,/D) typically exists between 0.14 and 0.18, where power extraction
and vortex stability reach peaks [78]. The stronger and more coherent vortices elevate the
turbulent energy field, especially near the turbine’s working height [7]. The cases with
dp = 0.14 m and d, = 0.20 m show slightly small volume-averaged k, indicating that
smaller d, increases contractual losses, and larger d, weakens the rotational core and results
in reduced volume-averaged k and torque [78].

The existence of an optimal rotational speed indicates that turbine performance is
governed by a competition between energy extraction and flow disturbance. A stable
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free-surface vortex with a well-developed pressure depression is essential for the ef-
ficient operation of GWVHT systems. Excessively low rotational speeds underutilize
the available vortex energy, while excessively high speeds disrupt the vortex structure
through increased turbulence production and blade-induced flow separation. The optimal
speed therefore corresponds to a regime where vortex stability and blade loading are
simultaneously maximized.
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Figure 27. Volume-averaged turbulent kinetic energy k (m?/s?) in the whole domain plotted against
rotational speed (RPM) for the three types of blade shapes at discharge diameters of 0.14 m, 0.16 m,
and 0.20 m, respectively: (a) flat blades, (b) curved blades, and (c) vertical twisted blades.
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Figure 28. Volume-average turbulent kinetic energy k (m?/s?) in the whole domain plotted against
rotational speed (RPM) for the three types of blade shapes at discharge diameters of 0.14 m, 0.16 m,
and 0.20 m, respectively: (a) do = 0.14 m, (b) do = 0.16 m, and (c) do, = 0.20 m.

4. Conclusions

A gravitational water vortex power system is one of the cost effective systems of
extracting low head hydropower. In the present study, a gravitational water vortex power
system, which consists of an inlet water channel, an outlet water channel, a cylindrical
basin with a discharge orifice on its bottom for the discharge of water in the basin to the
outlet channel, and a turbine with five blades and a vertical shaft connected to the electricity
generator, was investigated numerically to examine its power generation performance.
The VOF, MRF, and SST k — w turbulence model were used in the numerical simulations.
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The numerical simulations adopted a scaled down model (with a length scale factor of
1:5) using the Froude number similarity, corresponding to a typical low head of 2.5 m
(available power of 41 kW) in practical applications. Three different blade shapes (flat,
curved, and vertical twist) with three different discharge orifice diameters (0.14 m, 0.16 m,
0.20 m, corresponding to the ratios of the orifice diameter to the basin diameter of 0.14, 0.16,
and 0.20) operated at turbine rotation speeds of 40 RPM, 60 RPM, 80 RPM, 100 RPM, and
120 RPM were studied.

The study showed that generally no air is present in the bottom basin region, which
is about the bottom 2/3 of the basin containing the turbine, while the top 1/3 region
is essentially occupied by air, with a noticeable mixing layer separating the air and the
water regions, which varies significantly for different blade shapes, orifice diameters, and
rotation speeds. The results also show that the pressure distributions at different vertical
and horizontal planes vary significantly and the variations on each plane are also very
substantial, particularly in the regions around the turbine and near the bottom, and three
distinct regions along the vertical direction (a top region, a middle region in which its
bottom boundary is just above the top of the blades, and a bottom region, which contains
the turbine), with clear boundaries to separate each other, can be identified. The influences
of the blade, orifice diameter, and rotation speed on the pressure distributions are also
notable and the corresponding velocity and turbulent kinetic energy distributions follow
similar trends, with turbulence occurring mainly in the areas around the turbine with the
strongest turbulence occurring at the tips of the blades, around the discharge orifice, and at
the entry location of the water in the inlet passage channel into the basin. For the majority
of the remaining regions in the basin, turbulent kinetic energy is negligible, indicating that
the flow is essentially laminar and in a manner of rigid-body rotation of fluid. The velocity
and turbulent kinetic energy distributions were found to be significantly affected by blade
shape, orifice diameter, and rotation speed change as well.

The study further shows that for each design of the hydropower system with specific
blade shapes and discharge orifice diameter, the generated torque, thus power, increases
almost linearly at a large rate when the rotation speed is increased from 40 RPM to 80 RPM
and then decreases, also essentially linearly, at a much smaller rate when the rotation speed
is further increased from 80 RPM to 120 RPM, illustrating the significant but non-monotonic
effect of rotation speed on system performance. Such trends are in line with the previous
studies, i.e., torque stalls after certain rotation speed whilst turbulence increases, thus
highlighting the inefficiency of high speeds, and beyond stalled torque, the energy derived
from increased turbulence is dissipated into the small eddies instead of useful rotation.
The results indicate that for the cases considered, a relative high maximum efficiency
(between 40% and 62%) can be achieved, which is a very good outcome for such low head
gravitational water vortex hydro-turbine systems, and the combination of curved turbine
blades, a medium discharge orifice diameter (d,/D ~ 0.16), and a rotational speed of
80 RPM provides the most favorable operating condition, yielding the highest efficiency
and torque among all configurations considered.The high achievement is a result of the
pressure dominated torque and blade radius effects, which govern the upper bound torque
of performance in the low head cylindrical vortex turbines, particularly under the MRF
steady state modeling. Furthermore, the study revealed that, across all rotation speeds
considered, for each blade shape, the systems with the orifice diameter of 0.16 m perform
better than those with 0.14 m and 0.20 m, while for each orifice diameter, the turbine
system with the curved blades performs better than those with the flat and vertical twisted
blades. In addition, the results demonstrate that the volume-averaged k in the domain is
closely and quantitatively related to torque and power, with similar trends observed, which
provides some insights into the mechanisms involved.
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From a practical design perspective, the present results suggest that a GWVHT system
employing curved blades, a discharge orifice diameter ratio of approximately 0.16, and a
rotational speed close to 80 RPM can be considered as a reference configuration for efficient
operation under ultra-low-head conditions. This configuration offers an optimal balance
between vortex stability, effective angular momentum extraction, and controlled turbulence
generation, making it suitable for prototype development and field implementation.
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