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Numerical investigation into the hydrodynamic characteristics
of water vortex turbines with varied blade angles

Abstract

Water Vortex Hydro Turbines are a promising renewable energy solution for ultra-low-head applications,
with performance strongly influenced by blade geometry in converting vortex-induced momentum into
mechanical energy. This study numerically investigates the hydrodynamic characteristics including
velocity distribution, air-core formation, and pressure gradient to determine the optimal blade angle using
transient Computational Fluid Dynamics (CFD) with the Realizable k-¢ turbulence model. A six-bladed
turbine was analysed at blade angles of 75°, 90°, and 105° under a constant inlet velocity of 1 m/s. The
results demonstrate that the 90° configuration delivers the best overall performance, with the maximum
velocity increasing from 3.096 m/s (75°) to 4.376 m/s (90°), representing an improvement of approximately
41.4% and indicating a significantly stronger and more stable vortex structure. Although the 105°
configuration reaches the highest peak velocity of 4.657 m/s, severe flow separation reduces flow stability
and limits effective energy transfer. In terms of pressure, the 90° configuration produces the most
favourable and symmetric gradient, with a maximum of 5777.397 Pa and a minimum of 3.154 Pa, compared
to the more distorted distributions observed in the 75° and 105° cases (5741.087 Pa and 5892.066 Pa,
respectively). Additionally, the 90° configuration generates a more compact and stable air-core, reducing
hydraulic losses and enhancing fluid—blade interaction. Overall, the 90° blade angle provides the optimal
balance between velocity magnitude, vortex stability, and pressure distribution, making it the most effective
configuration for maximizing energy conversion in ultra-low-head water vortex hydro turbines.

1. INTRODUCTION

The utilization of renewable energy has become a global imperative, given the heavy reliance on fossil
fuels that results in resource depletion and severe environmental repercussions, including global warming and
pervasive pollution (Gayen et al., 2024). Electricity, as a vital necessity underpinning almost all human
activities, must be supplied from sustainable sources. One relevant solution is the Hydropower Plant (HPP),
which effectively converts the potential energy of water into electrical energy (Permana & Potipituk, 2024).
Countries endowed with abundant water resources, including Indonesia, have great potential for hydropower
development, particularly low-head systems (Zamzami et al., 2025a). In this context, the ultra-low-head water
vortex reaction turbine has emerged as an innovative technology ideally suited for implementation in rivers or
irrigation channels characterized by minimal current velocities and water height (head) (Zamzami et al.,
2025a). Refining these turbines for low-head environments is essential to significantly enhance the potential
for sustainable, ecologically sound exploitation of water resources, thereby underpinning the future provision
of renewable energy (Lodhi et al., 2024).
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Continuous efforts to improve the efficiency of vortex turbines are pursued through various experimental
and numerical methods. One of the most effective approaches is via CFD, which allows for a detailed analysis
of fluid flow behavior and turbulence around hydraulic structures (Xiaojing et al., 2023). In the application of
vortex turbines, CFD is invaluable for modeling the flow, predicting the distribution of velocity, pressure, and
kinetic energy, and analyzing the impact of design variations (such as blade geometry) on overall turbine
performance (Edirisinghe et al., 2022; Firoozi et al., 2024; Frant et al., 2020). This virtual approach is highly
efficient, enabling the testing of numerous scenarios without the need for physical prototype fabrication,
thereby significantly saving costs and time (Hou et al., 2024; Ibrahim et al., 2022). Key basin design
parameters, including water head, geometry, and the design of the inlet and outlet channels, are critical
determinants of optimal performance (Kabat et al., 2022; Kan et al., 2023; Khoshkalam et al., 2020). The outlet
diameter ratio adopted in this study was set to 0.2, placing it within the optimal range for generating a stable
vortex (Ullah et al., 2020).

The primary focus of this research is to evaluate the influence of varying turbine blade-angle configurations
on both hydrodynamic properties and energy conversion efficiency. These changes in blade angle
configuration fundamentally affect three main aspects of the fluid flow within the turbine basin. Firstly, the
blade angle configuration significantly influences the velocity distribution, which is the key determinant of
vortex stability and quality (Li et al., 2020). A stable vortex with high tangential velocity is crucial for
maximizing the momentum transfer and torque to the turbine blades (Li et al., 2023). Secondly, modifications
to the blade-angle configuration influence the water volume-fraction distribution, which correlates directly
with the compactness of the air core (air nucleus) and the fluid interaction at the vortex center
(Wang et al., 2024). A stable, streamlined air core is necessary to mitigate cavitation and minimize energy
losses from friction (Maika et al., 2023). Thirdly, the blade-angle configuration affects the pressure
distribution, generating a pressure gradient and dictating the effectiveness of energy extraction. An optimal
pressure gradient around the blades is the primary mechanism by which the turbine converts hydraulic energy
into mechanical work (Maisuria et al., 2024). Based on this hydrodynamic analysis, the selected blade-angle
configuration is projected to provide the ideal balance between lift and drag forces, yielding a stable vortex, a
compact air core, and the most effective differential pressure gradient for energy extraction in ultra-low-head
vortex turbines (Masoodi & Goyal, 2021).

Despite extensive research on GWVHTs, a critical knowledge gap remains regarding how blade-angle
geometry simultaneously affects the velocity distribution, air-core formation, and pressure gradient under
ultra-low-head conditions. Existing studies have largely addressed individual performance metrics without a
unified, transient CFD-based analysis that captures both vortex stability and energy conversion behavior across
systematically varied blade angles. Consequently, this study aims to conduct a transient CFD analysis using
the Realizable k-¢ turbulence model to evaluate six blade-angle configurations (75°, 90°, and 105°), with the
objective of identifying the optimal design to enhance hydrodynamic performance in ultra-low-head Water
Vortex Hydro Turbines.

2. PROCECDURE

Water vortex turbines have attracted considerable attention from researchers and engineers due to their
potential to convert water's kinetic energy into electricity without requiring large dams or causing significant
environmental impact. Conceptually, this turbine harnesses the centrifugal force of water within a vortex
system to drive the rotor blades' rotation (Varga et al., 2025). This makes it a promising solution for sustainable
energy production, particularly in environments with low or ultra-low headwater flow, where traditional
turbines cannot operate effectively.

The Gravity Water Vortex Hydro Turbine (GWVHT) system typically consists of a water inlet channel, a
circular basin with a bottom aperture serving as the water outlet, and a rotor equipped with several blades
connected to a vertical shaft (Pedzisz et al., 2024). By harnessing the natural flow of water, this system
generates a free-surface vortex that improves water circulation and induces a pressure drop at its center, thereby
creating an air core (Domfeh et al., 2020). Energy conversion occurs when the mechanical energy from the
blade rotation is transferred to an attached generator.

A crucial aspect of the GWVHT is the strength of the free-surface vortex, which directly determines the
turbine's efficiency. A free vortex refers to an area of flow where no external driving force, other than gravity,
influences the flow dynamics. The free-surface vortex in a GWVHT is identified as having several distinct
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layers: the air-core formed at the vortex center, the region between the water surface and the free vortex, the
region between the forced vortex and the water boundary layer near the basin wall, and the water near the wall
that is affected by friction (Seng & Tanjong, 2025). The design and optimization of the vortex turbine are
therefore crucial for maximizing energy yield.

In this study, the CFD approach was employed to investigate the hydrodynamic behavior of the vortex
turbine, formulated based on the Navier—Stokes equations (1—4) (Sonawat et al., 2020; Sukadana et al., 2024).
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where V.is the radial velocity, I, is axial velocity, Vjis the tangential velocity, vis the kinematic viscosity,
p is the fluid density, and gis gravitational acceleration.

The flow behavior and rotational forces in a vortex turbine can be described using the circulation parameter
('), which is expressed as:

I'=2nrVy, ®)]

where T is the circulation parameter (m?%/s), r represents the distance from the center of rotation (m), and ¥
denotes the tangential velocity (m/s).

The tangential velocity ( I/5) observed in the vortex flow pattern is governed by the relationship between the
radius and the fluid’s viscosity. The value of Vj at the inlet section of the generator (or basin) can be evaluated
through the application of the continuity equations (6) and (7).
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where b denotes the width of the inlet channel, and h,, represents the depth of water at the inlet section.

The CFD simulations for this hydrodynamic investigation were performed using Ansys 19.2. The Ansys
Fluent solver was used to perform transient (unsteady) simulations. The selection of Fluent was based on its
superior capability to handle rotational flow and turbulence, using the Volume of Fluid (VOF) model to
accurately track the air-water interface. This capability is crucial for precisely modeling the formation of the
turbine's vortex air-core.

The turbine model simulated for this investigation was designed using the drawing application. This vortex
turbine has primary dimensions of 1.5 meters in diameter and 1.38 meters in height. The system comprises a
single water inlet channel and a single outlet (draft) tube. The main channel dimensions were: Inlet Channel
(Length 1.8 m, Width 0.8 m, Height 1.2 m, with a bend angle of 146°); and the Outlet Channel (Draft Tube)
(Diameter 0.75 m and Height 0.5 m).

The turbine rotor was designed with a fixed number of six blades. The blade geometry has standard
dimensions: a shaft diameter of 0.1 m, a blade height of 0.35 m, a blade length of 0.3 m, and a thickness of
0.005 m. The parameter systematically varied in this study was the blade angle, tested at three configurations:
75°, 90°, and 105°. This study aims to evaluate the effects of blade-angle variations on hydrodynamic
characteristics, including velocity distribution, pressure field, and flow behavior (Figures 1 and 2).

The selection of the blade angle configurations, specifically 75°, 90°, and 105°, was informed by
preliminary studies indicating that this range encompasses the most favorable operating conditions for vortex
turbines with comparable diameter ratios. This range concurrently offers two systematic extremes (one flatter
and the other more upright) to facilitate a comparative analysis of the influence of water flow momentum
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(Sharma, et al., 2021). Specifically, the 90° angle represents the standard perpendicular blade configuration
relative to the axial flow. In contrast, the + 15 ° variations (i.e., 75° and 105°) were judiciously chosen to
systematically examine the turbine's performance sensitivity to moderate deviations from this standard
configuration. Although a broader parametric sweep could yield more exhaustive optimization, the selected
configurations are considered sufficient to identify dominant trends and the underlying physical mechanisms
governing rotor-vortex interaction.
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Fig. 1. Dimensions of the turbine blade with 3 blades (in mm)
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Fig. 2. Dimensions of the 6-bladed turbine, featuring blade angles of 75°, 90°, and 105° (in mm)

The domain discretization process, known as meshing, was performed after importing the geometry into
DesignModeler (Figure 3). A tetrahedral mesh was employed because of its superior ability to handle complex
geometries and its effectiveness in fluid flow analysis. The mesh size was set uniformly to 5 mm. Prior to
running the CFD simulation, the mesh quality was evaluated, focusing on skewness and orthogonality. The
resultant grid had a maximum skewness of 0.2 and an average orthogonality greater than 0.8, indicating that
the elements were well-shaped and appropriate for accurate flow-field prediction. To ensure the accuracy of
the near-wall flow physics, the mesh resolution was carefully controlled to satisfy the requirements of the
Standard Wall Functions. The resulting area-weighted average y* value on the blade surfaces was maintained
between 45 and 85. This y* range is well-positioned within the log-law region (30 <y" < 300), validating the
compatibility between the mesh density and the Realizable k-¢ turbulence model without the need for additional
explicit inflation layers. The simulation was executed using a pressure-based, double-precision solver in
transient mode with a time-step size of 0.005 s, a total of 600 time steps, and a maximum of 50 iterations per
time step. The angular velocity was set to 7.2 rad/s. The numerical solution scheme applied was SIMPLE with
Standard Initialization. Gravity was enabled with a value of 9.81 m/s?, and the velocity formulation was set as
absolute. The Volume of Fluid (VOF) model was activated, utilizing two Eulerian phases: Water (water-liquid)
and Air, alongside an implicit body force formulation. The Realizable k-¢ turbulence model was used, with
standard wall functions applied for near-wall treatment.
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Fig. 3. Vortex chamber meshing result

The boundary conditions for the simulation were as follows: the inlet was set to a velocity-inlet condition
under transient conditions, with a constant water entry velocity of 1 m/s (Figure 4), and the water volume
fraction was set to 1. The inlet velocity of 1 m/s was selected based on the physical operating range of ultra-
low-head WVHTs. For the inlet channel dimensions used in this study (width b = 0.8 m, water depth h_in =
1.2 m), this velocity corresponds to a volumetric flow rate of Q = 0.96 m?/s, which is consistent with
documented operating conditions for comparable vortex basin configurations (Shamsuddeen et al., 2023). The
velocity-inlet boundary condition was adopted in preference to a pressure-inlet or mass flow formulation
because this study undertakes a controlled parametric comparison of blade angle configurations; prescribing a
uniform inlet velocity ensures all six blade angle cases (75°, 90°, and 105°) are evaluated under identical
upstream flow conditions, enabling a rigorous and unambiguous assessment of geometric effects on
hydrodynamic performance. The outlet was set to a pressure-outlet type with a specified static pressure. All
walls, including the sides and floor, were designated as no-slip walls with standard conditions, being treated
as solid and impermeable. The free surface between air and water was captured using the VOF method. These
detailed settings for the initial conditions, boundary conditions, and geometric dimensions form the foundation
of the numerical calculations used to investigate the vortex turbine's performance across a range of blade
angles. The solution at each time step was considered converged when all residuals fell below the specified
threshold of 0.001, with the maximum number of iterations limited to 50.

Rotor rotation in this study was modeled using a transient sliding mesh approach to accurately capture the
interaction between the rotating blades and the free-surface vortex flow. The computational domain was
divided into a rotating zone enclosing the rotor and a stationary fluid region, connected through a sliding
interface that allowed the mesh to physically rotate and resolve unsteady flow structures. This method was
selected over the Multiple Reference Frame (MRF) approach because it can capture time-dependent vortex
dynamics, free-surface deformation (via the VOF method), and rotor-flow interactions more realistically,
providing a more accurate representation of the turbine’s hydrodynamic behavior.

Free Surface

—————Velocity Inlet

Pressure Outlet—

Fig. 4. Boundary conditions of the Vortex chamber

A mesh sensitivity analysis was conducted to assess the effect of grid resolution on the computational
accuracy of the CFD simulation of the Water Vortex Hydro Turbine (WVHT), as shown in Figure 5. The
analysis focused on the blade tangential velocity as the primary performance parameter, since it directly
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represents the turbine’s hydrodynamic behavior and energy extraction characteristics. Five mesh densities
were examined, corresponding to 9,207,751; 12,597,443; 17,802,969; 28,940,594; and 53,124,783 nodes. The
results indicate that the blade tangential velocity remains nearly constant across all mesh resolutions, with
values around 1.285 m/s and only a very slight decrease at the finest mesh. The variation is minimal,
demonstrating that the solution is not significantly affected by further mesh refinement. Beyond approximately
17 million nodes, the changes in velocity become negligible, indicating that the solution has reached a mesh-
independent region. Therefore, the mesh with around 17,802,969 nodes can be considered optimal, as it
provides a good balance between computational cost and numerical accuracy. The small discrepancies
observed at higher mesh densities may be attributed to numerical diffusion or local flow-resolution effects.
Overall, the mesh sensitivity analysis confirms that the CFD model yields stable, reliable results once the mesh
size exceeds approximately 17 million nodes.

1.30
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1.28

1.27
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Blade Tangential Velocity (m/s)

1.25
9207751 12597443 17802969 28940594 53124783

Number of Nodes

Fig. 5. Mesh sensitivity analysis showing the effect of the number of nodes
on blade tangential velocity for the Water Vortex Hydro Turbine

Blade tangential velocity was adopted as the key performance indicator in the mesh sensitivity assessment
of the WVHT, as it effectively represents the turbine’s hydrodynamic response and its ability to convert vortex
flow energy into mechanical output. The evaluation was performed using five mesh resolutions, spanning from
9,207,751 to 53,124,783 nodes, as illustrated in Figure 5. The findings reveal a high level of solution
consistency, with blade tangential velocity remaining nearly unchanged across all mesh configurations,
fluctuating only within the narrow range of approximately 1.284—1.285 m/s. A marginal reduction is observed
at the finest mesh; however, this variation is insignificant. It is evident that beyond approximately 17,802,969
nodes, the velocity variation becomes negligible, indicating convergence to a mesh-independent solution. This
asymptotic behavior confirms the robustness and numerical stability of the CFD model. Accordingly, the mesh
containing approximately 17,802,969 nodes is considered optimal, as it achieves an effective balance between
computational efficiency and solution accuracy. In general, mesh refinement beyond this threshold does not
yield substantial improvements in the predicted blade tangential velocity.

The predicted blade tangential velocity of 1.28 m/s shows excellent agreement with published data.
Previous studies have reported tangential velocity values in the range of 1.1-1.4 m/s for similar GWVT
configurations (Edirisinghe et al., 2022). Using a representative reference value of 1.25 m/s, the deviation of
the present result is approximately 2.4%, indicating a very good level of accuracy. This small deviation
confirms that the present CFD model accurately captures the hydrodynamic behavior of the vortex flow and
provides reliable predictions.

Theoretical framework for hydrodynamic evaluation: to evaluate the numerical results, the vortex flow is
characterized by the Rankine vortex model, in which the tangential velocity (v and the pressure distribution
(P) are governed by the conservation of angular momentum. The theoretical pressure drop (AP) across the
turbine blades, which drives the mechanical torque, can be estimated using Euler’s turbine equation:
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AP = p. (UyVq — UpVty) (8)

where p is the water density, u is the blade tangential velocity, and v, is the fluid tangential velocity.
Furthermore, the air-core formation (water volume fraction) is theoretically linked to the Bernoulli principle,
where the pressure at the vortex center (P.) must drop below atmospheric pressure (Pum) to form a void:

2
Pc:Patm_fpuTtdr )

These equations provide the basis for understanding why variations in blade angle (75°, 90°, and 105°)
(which alter the velocity triangles and momentum exchange) directly result in the pressure and volume fraction
distributions observed in the CFD contours.

3. RESULTS AND DISCUSSION

This simulation undertakes a comprehensive analysis of the Hydro-Vortex Water Turbine hydrodynamic
characteristics, focusing specifically on the evaluation of velocity distribution, water volume fraction, and
pressure gradient across six distinct blade angle configurations: 75°, 90°, and 105°. These three critical
parameters exhibit an intrinsic and profound correlation; the stability of the generated vortex, as quantified by
the velocity distribution profile, fundamentally governs the compactness of the resulting air nucleus.
Subsequently, this compactness dictates the differential pressure drop that can be efficiently extracted,
determining the overall energy extraction effectiveness.

3.1. Velocity distribution

Figure 6 illustrates the velocity contours for the 75° vane angle. The discussion of these CFD simulation
results is framed in the context of a configuration that yields less favorable flow characteristics. As the water
enters the zone above the turbine, it displays a variable velocity distribution, predominantly ranging from 1.548
m/s (green) to 3.096 m/s (yellow). However, despite the initial vortex formation, the flow stability generated
by the 75° angle remains characteristically low. This instability is evidenced by the clear nonuniformity of the
velocity contours within the draft tube. Rather than forming a dense, symmetric vortex ring, the velocity pattern
appears fragmented and highly distorted, clearly indicating an unstable vortex structure. This lack of stability
is further corroborated by the observation of significantly low-velocity regions (light blue to green, ranging
from 0 m/s to 1.548 m/s) in specific peripheral and upstream sections of the draft tube.
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Fig. 6. Velocity distribution of the vortex chamber at 75° blade angle (various cross-sections)

The presence of these extensive low-velocity areas suggests either recirculation zones or regions where
vortex momentum has not been fully developed. This condition directly contributes to substantial hydraulic
losses. Consequently, the uneven velocity distribution indicates that the turbine blades have not efficiently
converted the tangential energy into mechanical energy. This inability to sustain a powerful, symmetric vortex

is the underlying reason the 75° configuration results in less effective flow conditions for energy transfer within
the turbine.
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Figure 7 presents the velocity contours for the 90° blade-angle configuration, designated in this numerical
study as the optimal design. Visually, the velocity contours depicted in Figure 7 confirm superior
hydrodynamic performance.
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Fig. 7. Velocity distribution of the vortex chamber at 90° blade angle (various cross-sections)

The observed flow exhibits stable, highly uniform characteristics, in sharp contrast to the instability
observed at the 75° angle. The high-velocity flow regions, indicated by bright yellow (3.063 m/s) extending to
deep red (4.376 m/s), appear dense and highly symmetrical within the draft tube area. This distinctive pattern
unequivocally indicates the formation of a strong, stable vortex (a compact vortex ring), a critical condition
for minimizing hydraulic power losses. The maximum velocity is 4.376 m/s, indicating a highly efficient
conversion of potential energy into kinetic energy before the fluid interacts with the turbine blades.
Furthermore, the velocity distribution across the entire vertical cross-section tends to be balanced and highly
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uniform, substantiated by the minimal presence of large, very low-velocity areas (0 m/s to 0.438 m/s) within
the main flow region. This outcome indicates that a stable vortex flow is successfully maintained down to the
turbine's lower section. This stable and uniform flow quality is fundamental to achieving the highest energy
extraction effectiveness, as it guarantees that the maximum effective pressure differential (the optimal pressure
gradient) can be attained along the vanes, thereby facilitating maximal fluid mass interaction.

Figure 8 displays the velocity contour pattern, confirming that the 105° blade angle results in a significant
performance degradation due to severe hydrodynamic issues. The velocity distribution around the draft tube
and upstream of the blades appears diffuse and unstable. Crucially, the high-velocity flow (ranging from 3.260
m/s to 4.657 m/s) fails to produce the compact vortex ring observed in the 90° configuration. A critical
phenomenon observed is premature flow separation, which is indicated by the substantial expansion of low-
velocity areas (blue color, 0 m/s to 1.397 m/s) along the periphery of the draft tube.
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Fig. 8. Velocity distribution of the vortex chamber at 105° blade angle (various cross-sections)
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This flow separation subsequently results in the formation of large low-velocity pockets (recirculation
zones) and a thickened boundary layer (an enlarged wake) downstream of the vanes. The direct hydraulic
consequence is a distortion of the pressure pattern and increased hydraulic losses, as the vortex energy cannot
be efficiently transferred to the blades. The non-uniform and diffuse velocity contours indicate an inability to
sustain the required vortex compactness, thereby diminishing the differential pressure gradient along the vanes
and ultimately lowering the turbine's overall performance. This flow pattern conclusively establishes the 105
° configuration as an unfavorable, suboptimal design.

3.2. Water volume fraction distribution

The analysis of the water volume fraction corroborates the velocity distribution results, demonstrating that
vortex stability is directly related to the geometry of the air nucleus. The compactness of this air nucleus is
crucial, as a slender central area ensures maximum effective fluid-mass interaction with the turbine vanes.
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Fig. 9. Water volume distribution of the vortex chamber at 75° blade angle (various cross-sections)
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Figure 9 illustrates the unstable water volume distribution at the 75° angle, aligning with the previously
noted unfavorable flow characteristics. Consistent with the preceding study outcomes, this configuration
produces a relatively wide air nucleus (blue area, 0 water volume fraction). The air nucleus formed in the upper
section of the draft tube appears both expanded and unfocused. Furthermore, the boundary of the water's free
surface (the transition between fractions 0.111 and 0.889) exhibits a wavy, highly asymmetrical pattern. This
non-uniformity indicates that the resulting vortex is unstable and poorly controlled, a direct consequence of
the fragmented velocity profile. The negative hydrodynamic consequences are twofold: Firstly, the expanded
air nucleus significantly reduces the effective contact area between the swirling water and the turbine blades,
thereby limiting the potential for maximum energy extraction effectiveness. Secondly, the vortex instability,
evidenced by the irregular shape of the air nucleus, leads to greater hydraulic energy losses, indicating reduced
effectiveness of momentum transfer within the flow.
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Fig. 10. Water volume distribution of the vortex chamber at 90° blade angle (various cross-sections)
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Figure 10 illustrates the water volume distribution at 90°, providing strong support for the findings of
optimal hydrodynamic performance and maximum energy extraction efficiency. The water volume pattern
shows a slender, highly focused air nucleus (blue area, 0 water volume fraction) that forms symmetrically at
the vortex center. In stark contrast to the 75° configuration, the boundary line of the water's free surface in
Figure 10 (the transition between fractions 0.100 and 0.900) appears smoother and highly consistent. This
pattern substantiates the creation of a strong, stable vortex with minimal power loss. This vortex compactness
is of paramount importance because the slender air nucleus ensures maximum effective interaction of the fluid
mass with the vanes. The majority of the swirling water volume (1.000 fraction) remains in effective contact
with the blades, thereby enabling optimal energy conversion. This condition is a key determinant of enhanced
fluid-blade interaction and reduced hydrodynamic losses, thereby firmly validating this design
recommendation.
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Fig. 11. Water volume distribution of the vortex chamber at 105° blade angle (various cross-sections)
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Figure 11 further corroborates the findings of hydrodynamic distortion at the 105° angle. The air nucleus
area (blue region, 0 water volume fraction) appears expanded and exhibits a highly irregular boundary pattern.
This outcome aligns with studies stating that, hydraulically, the air nucleus widens at this specific angle. The
boundary line of the water's free surface (the transition between fractions 0.100 and 0.900) displays significant
undulations and non-uniformity, confirming that the resulting vortex is both unstable and severely distorted.
The expansion of the air nucleus depicted in Figure 11 is directly attributable to premature flow separation,
which effectively diminishes the volume of water interacting with the vanes. Consequently, this leads to
increased hydraulic losses and reduced effectiveness of momentum transfer. This unstable, widened water-
volume pattern strongly reinforces the conclusion that the 105° configuration is a suboptimal design.

3.3. Pressure distribution

The pressure distribution analysis reveals the differential pressure gradient along the vanes. Fundamentally,
this gradient generates the thrust force acting upon the turbine blades.
Figure 12 displays the pressure contours at the 75° angle, thereby reinforcing the conclusion of non-
uniform pressure distribution.
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The maximum pressure, reaching 5741.087 Pa (deep red), is concentrated in the lower section of the draft
tube and immediately upstream of the vanes. While this high pressure indicates initial thrust potential, the
resulting pressure gradient is asymmetric. After passing the blades, the pressure rapidly drops towards the
minimum value of 6.720 Pa, suggesting a suction effect. This asymmetry in the pressure pattern is a direct
manifestation of the unstable vortex and the widened air nucleus, both of which hinder the development of a
consistent, maximum pressure differential between the pressure and suction sides of the vanes. The
consequence is that the tangential energy has not been fully or effectively converted, which ultimately results
in less effective momentum transfer within the flow.

The 90° configuration exhibits the most favorable pressure distribution pattern (Figure 13). The maximum
pressure, at 5777.397 Pa (deep red), is concentrated uniformly within the draft tube area, ensuring that the fluid
exerts maximum thrust on the pressure side of the vanes. The key quality resides in the gradient established
following the vane interaction. The pressure drops drastically to a minimum of 3.154 Pa (deep blue) on the
suction side, indicating highly effective energy extraction by the blades and a large differential pressure drop.
These pressure contours display a consistent, symmetrical pattern around the blade area, indicative of a stable
vortex flow. This optimal, symmetrical pressure pattern indicates the absence of flow distortion, thereby
supporting effective momentum transfer across the blade surfaces.
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At the 105° angle, the pressure contours exhibit an unfavorable and distorted pattern. Although the
maximum pressure reaches 5892.066 Pa, the overall distribution pattern surrounding the blades demonstrates
significant distortion (Figure 14). This distortion in the pressure profile is a direct consequence of the
previously observed premature flow separation, which severely disrupts the effective transfer of momentum
and energy. The flow separation results in a failure to maximize the effective differential pressure drop.
Consequently, this increases hydraulic losses and reduces vortex quality, collectively reducing the
effectiveness of momentum transfer within the flow. This suboptimal pressure-contour arrangement supports
the conclusion that the 105° design should be avoided.
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To quantitatively compare the performance of the three configurations, the 90° blade angle shows a
significant improvement in hydrodynamic behavior. Compared to the 75° case, the maximum velocity
increases by approximately 41.4%, while the pressure distribution becomes more uniform and symmetric. In
contrast, although the 105° configuration exhibits the highest peak velocity (4.657 m/s), the presence of flow
separation reduces its effectiveness. These results confirm that vortex stability, rather than peak velocity alone,
is the dominant factor governing turbine performance.

The hydrodynamic analysis unequivocally reveals that deviation from the optimal 90° angle, whether below
or above, demonstrably degrades the performance of the Hydro-Vortex Water Turbine. In the 75°
configuration, flow stability constitutes the primary failure mechanism. Although the maximum velocity
reached 4.644 m/s, the kinetic energy failed to consolidate into a stable vortex ring, as evidenced by the
fragmented velocity contours. This rotational failure directly caused the air nucleus (water volume fraction 0)
to become wide and asymmetrical, severely limiting the effective contact area between the fluid and the blades.
Concurrently, the pressure pattern exhibits asymmetry, with a peak pressure of 5741.087 Pa, indicating reduced
effectiveness in transferring tangential momentum into a consistent pressure differential.

Conversely, at the 105° angle, the failure mechanism was dominated by premature flow separation, as
evidenced by the distorted velocity profile (reaching a peak of 4.657 m/s) and the widening of the air nucleus.
This distortion resulted in an imbalanced pressure pattern (peak 5892.066 Pa), ultimately increasing hydraulic
losses and reducing the turbine's capacity to maintain vortex compactness.

The performance of the HVWT is critically dependent on the blade design's ability to maintain the vortex's
structural integrity within the basin (Zainal & Ahmed, 2025). Any deviation in the blade angle from the optimal
configuration immediately compromises flow stability. This is initially evidenced by fragmented velocity
contours and a broadening of the air nucleus, which fundamentally restricts the effective fluid area available
for interaction with the blades (Edirisinghe et al., 2022). The hydrodynamic instability resulting from these
non-optimal blade angles ultimately manifests as an asymmetric or distorted pressure pattern around the blades.
Mechanically, this prevents the differential pressure gradient required for force generation from being
maximized, thereby reducing the overall energy conversion efficiency (Veldsquez et al., 2024).

The 90° blade configuration demonstrates its hydrodynamic superiority by establishing an optimal,
integrated relationship among the three key parameters (Wu et al., 2021). Rotational flow stability is a
fundamental prerequisite that was successfully achieved, with the velocity distribution consistently forming a
dense, stable vortex ring (Wang et al., 2023). This stability directly translated into the formation of a slender
and focused air nucleus (water volume fraction 0), which is crucial because it ensures that the effective volume
of swirling water (1.000 fraction) is maximized for interaction with the vane surfaces, unlike the wide and
unfocused air nucleus observed at the other angles (Zamzami et al., 2025b). This stable and uniform flow
quality successfully minimized energy dissipation due to turbulence and recirculation observed in the
suboptimal configurations.

Achieving high vortex structural integrity yields a symmetric and highly favorable pressure gradient
(Zamzami et al., 2025b). Such symmetry indicates a stable flow regime, in which fluid momentum is
effectively converted into thrust across the blades, thereby maximizing the extractable differential pressure
drop (Qu et al., 2021). Consequently, this configuration is optimal for maintaining and maximizing vortex
energy conversion and turbine efficiency.

The pressure distribution analysis provides the definitive mechanical confirmation of the observed flow
conditions. The 90° configuration was the only design that generated an optimal and symmetric pressure
gradient, with a maximum pressure of 5777.397 Pa effectively concentrated on the pressure side. Conversely,
the asymmetric pressure pattern at 75° and the distorted pattern at 105° indicate an ineffective exploitation of
fluid pressure (Zheng et al., 2022). Therefore, the synthesis of the results confirms that flow stability and vortex
compactness, induced by the optimal angle, are absolute prerequisites for an efficient pressure gradient,
forming the primary basis for the recommendation of the optimal configuration in practical applications.

The maximum pressure observed in the 90° configuration (5777.397 Pa) aligns with the theoretical
expectation that a stable vortex maintains higher kinetic energy potential. The significant pressure drop to
3.154 Pa on the suction side confirms an efficient momentum transfer, as described by Euler's turbine theorem,
where the change in tangential momentum is maximized at this perpendicular orientation compared to the 75°
and 105° configurations.

A comparative synthesis of the analyzed configurations reveals a clear parabolic trend in performance
relative to the blade angle. At a lower angle (75°), the failure is driven by rotational instability, in which kinetic
energy remains fragmented, preventing the formation of a cohesive vortex. As the angle moves toward the 90°
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optimum, a clear trend of 'vortex consolidation' is observed, characterized by the simultaneous maximization
of velocity symmetry and air nucleus compactness. Beyond this point (105°), the trend reverses due to the
dominance of adverse pressure gradients, leading to premature flow separation. This analysis demonstrates
that turbine effectiveness is not merely a function of peak velocity, but is governed by the structural integrity
of the vortex core, which is highly sensitive to angular deviations from the 90° perpendicular orientation.

By synthesizing the results across all configurations, a generalized relationship between blade angle () and
energy extraction effectiveness can be established. The performance of the HVWT is governed by the 'Vortex
Compactness Ratio,' where the stability of the tangential velocity distribution directly dictates the pressure
gradient (VP) across the vanes. Our findings suggest that for § < 90°, the primary limiting factor is the lack of
vortex consolidation, leading to fragmented energy zones. Conversely, for § < 90°, the performance is curtailed
by premature flow separation and an expanded air nucleus. Therefore, the optimal energy transfer in a vortex
chamber follows a peak-distribution trend centered at the perpendicular orientation (90°), where the fluid’s
angular momentum is most efficiently converted into mechanical thrust with minimal hydraulic dissipation.
This principle suggests that maintaining a symmetric, slender air nucleus is a universal requirement for
maximizing the pressure drop (VP) in any gravitational vortex system, serving as a fundamental design
heuristic for future turbine optimizations.

4. CONCLUSIONS AND FUTURE WORKS

This study evaluated the influence of blade angle variations (75°, 90°, and 105°) to identify the optimal
configuration for improved hydrodynamic performance in ultra-low head applications. The synthesis of
numerical results leads to the following conclusions. The 90° configuration exhibits the most favorable
combination of pressure and velocity distributions, indicating stable flow behavior under ultra-low-head
conditions. It establishes a stable vortex ring (4.376 m/s) and a focused air nucleus, ensuring maximum
symmetric differential pressure (5777.397 Pa) for efficient momentum transfer. Deviations from the 90° angle
result in significant performance degradation. The 75° configuration fails due to rotational instability and
fragmented flow, while the 105° design is limited by premature flow separation and hydraulic distortion,
despite higher peak pressures. The results conclusively demonstrate that vortex integrity and symmetry are
more critical than peak velocity alone. The six-bladed 90° configuration is recommended as the most effective
design for maximizing energy extraction in practical HVWT applications. To further advance the development
of the Hydro-Vortex Water Turbine, future studies will include physical prototype testing to validate numerical
findings against empirical data and ensure the reliability of observed hydrodynamic trends. A more
comprehensive grid-independence study, using a wider range of refinement ratios beyond the current
parameters, is planned to further enhance numerical certainty. Further investigation into the correlations among
blade curvature, number of blades, and basin geometry is required to establish a more universal design
framework for vortex-based energy extraction.
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