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Urban and industrial water systems are neglected renewable energy
source, even as demand for energy has risen and sustainability targets
push back on fossil fuel power generation. In order to fill this research
gap, this study aims to design and optimise the vertical free-fall water
flow from reinforced concrete (RC) tanks for electricity generation
through the crossflow hydro turbine. The impact of blade quantity (15,
25, and 30 blades) and blade angles (20°, 25°, 30°, 35°, 40°, and 45°) on
turbine performance was evaluated. A 3D model of the turbine was
created in  SolidWorks, including detailed blade-geometry
considerations to optimise the turbine. The pressure distribution and the
efficiency of energy conversion were investigated using computational
fluid dynamics (CFD) simulation in ANSYS Fluent based on 36
configurations of turbine, where the inlet velocity was kept constant at
18.26 m/s (corresponding to a head of 0.8 m). The results indicated that
both a low blade angle (20°-25°) and a high blade number (30 blades)
showed the highest performance, and the 30-blade, 25° configuration
generated the maximum pressure of 319,336.3 Pa, torque of 3257.230
Nm, angular velocity of 22.687 rad/s and power output of 73.896 kW.
The results serve as a comparative benchmark for future experimental
and practical studies into the generation of small-scale hydropower. The
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correct positioning of the outlet of the RC tank with respect to the turbine
is identified as a critical parameter for reducing losses and improving
efficiency in successive design versions.

Introduction

As the world moves towards cleaner energy systems, the need for renewable technologies that can meet the
growth in electricity demand and environmental pressures has increased. Hydropower, which harnesses the
kinetic and potential energy of flowing water to produce electricity, is among the most well-developed and
dependable renewable energy sources with low emissions (Mohsin et al., 2023; Kumar et al., 2011). While
many large hydropower stations still have a significant share of the market, recent advances have focused
on small, decentralised hydro-energy projects that can harness low-head and non-river water.

The energy landscape in Malaysia offers ample motivation to look at such alternatives. In 2022, about
81% of the country’s electricity generation was from fossil fuels, adding weight to concerns about carbon
emissions and the security of energy supplies (Grid System Operator, 2025). Although there are policy
commitments to diversify the energy mix, the penetration of renewable energies is limited (Centre for
Global Sustainability, 2024). As micro-hydros are embedded in existing water infrastructure, including
reinforced concrete (RC) storage tanks, there is an opportunity for this technology to be adopted more
widely in Malaysia to diversify the country’s energy mix without further land acquisition, major civil works
or natural water bodies (Kementerian Ekonomi Malaysia, 2023).

The reinforced water tank, which is frequently used in residential and commercial structures, releases
water into vertical channels, resulting in uniform free flow conditions. This controlled discharge could be
used for micro-hydropower to generate small-scale electricity. To realise this potential, a turbine technology
developed to work under low head, variable flow and non-riverine conditions is required. A crossflow
turbine, or Banki-Mitchell turbine, has demonstrated promise in such conditions, as its simple geometry
and ease of manufacture make it accessible, and it is effective over a wide range of flow variations (Ho-
Yan & Lubitz, 2011; Quaranta et al., 2022).

The significance of geometrical parameters, such as blade angle, number of blades and nozzle
configuration, on the performance of crossflow turbines is apparent from a considerable amount of
literature. In the study by Choi et al. (2008), it was found that the runner blade geometry and the nozzle
shape have a significant effect on the internal flow characteristics and the hydraulic efficiency. In a similar
manner, Chen & Choi (2013) reported that the guide vane angles are important in optimising the flow
incidence and minimising the hydraulic loss. Recent studies have furthered optimisation by using
computational methods. CFD and FDA-based analysis by Prabowoputra et al. (2023a, 2023b) revealed that
certain combinations of blade number and blade angle maximise turbine output. Further experimental
evidence also backs up these claims, such as Lillahulhaq et al. (2022), who reiterate the effects of the blade
attack angle on the performance of the turbine. A trend of ongoing innovation can be observed, with new
designs for use in gravitational vortex systems expanding the operational range of the crossflow-based
turbines (Alfeuz et al., 2024).

Despite this progress, there is a large research gap. Most of the existing optimisation studies consider
conventional hydropower applications like river-based or channel-based flow and rarely consider free-flow
water from raised storage tanks where water is released through a short vertical pipe with limited head but
high velocity. The flow profile at the outlet of an RC tank is unique, and some issues it poses are not covered
completely by the existing literature on crossflow turbines, such as inlet velocity alignment, blade angle
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appropriateness, and flow-through behaviour in the two interaction stages in the turbine. A conceptual
explanation of this application is given in Fig. 1, where a turbine—generator system is integrated into a
residential building with an elevated RC water tank.

COMPLEX RESIDENTIAL

WATER TANK
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hallways, elevators, and Lighting systems
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Fig. 1. Conceptual illustration of a crossflow turbine integrated with an elevated RC water tank for free-flow power
generation in a residential building.

The present study, therefore, aims at designing and optimising a crossflow turbine especially for free-
flow water of a reinforced tank system. The study compares the different performances of the turbine with
various blade angles and blade numbers using SolidWorks for geometric modelling and ANSY'S Fluent for
CFD analysis at velocity conditions typical of the water outlet of a domestic water tank. The scope includes
conceptual design, simulation-based assessment and performance prediction, particularly focusing on
finding the optimum turbine configuration for micro-generation applications.

Material and Methods

A computational design and simulation-based approach was used to examine the crossflow turbine
performance operating under free-flow discharge from a reinforced tank system. Different turbine
configurations with varying numbers of blades and blade angles were created using SolidWorks and
analysed using ANSYS CFD to check pressure distribution, torque output, angular velocity, and power
output for some representative outlet velocity conditions. In this way, systematic performance comparison
can be done, and an optimised turbine configuration can be identified to generate small-scale energy
production (Homa et al., 2022).

Model and geometry

Using SolidWorks, the models and geometry of the crossflow turbines were designed. There were 18
designs created in total, with the combination of 3 different numbers of blades and 6 different angles. The
completed design of a crossflow turbine with 15 blades and an inlet angle of 20° is illustrated in Fig. 2, and
a cross-section of a crossflow turbine is shown in Fig. 3. The turbine blades’ detailed configuration is shown
in Fig. 4, which denotes the differences in the blade angles.
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Fig. 2. Completed design of crossflow turbine featuring 15 blades with an inlet angle of 20 °.
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Fig. 4. Crossflow turbine featuring 15 blades with a consequent arrangement of inlet angles of 20 ©, 25 ©, 30 ©, 35 °,

40 °, and 45 °.
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Computational domain and mesh configuration

A three-dimensional geometry of the crossflow turbine system of the inlet pipe, turbine casing and
runner was created in SolidWorks and imported into ANSYS Fluent. The tetrahedral meshing with
prismatic inflation layers (PBL: 8 layers, growth rate = 1.2 and first-layer height = 0.2 mm) was applied to
all the solid walls to capture velocity gradients close to the wall, which is essential for the prediction of
pressure and torque. Blade surfaces (0.003—0.005 m) and leading/trailing edges were refined, whereas
coarser elements (0.010-0.015 m) were used in the casing and pipe areas. Specifically, curvature capture
was turned on, and defeaturing was used to eliminate unnecessary details for computational efficiency.

The mesh contained a total of 264,014 tetrahedra and 58,922 nodes. Quality assessment was performed,
and the average skewness was 0.2315 (max 0.78), and the average orthogonal quality was 0.82 (min 0.62),
both of which are within acceptable CFD limits (skewness < 0.85, orthogonal quality > 0.15). To assess the
torque variation, a grid independence study was performed for a typical configuration (25 blades, 25°), and
the results showed an average difference of less than 2% between the torque obtained from the present
configuration and a refined mesh (1.2 million elements). To allow for valid comparative evaluation,
identical mesh specifications were applied uniformly across all blade-angle and blade-quantity
configurations. The mesh was relatively coarse compared to the high-resolution turbine simulation studies
(usually 1-5 million elements) but was coarse enough to allow for ease of computational feasibility for the
36 simulation cases (=4 hours each) while maintaining the objective of the comparative study in which the
relative ranking validity has been preserved throughout the application of the same mesh. Future studies
using turbulent modelling should use highly resolved meshes with improved near-wall resolution.

Boundary conditions

Boundary conditions are crucial in CFD because they specify the physical conditions at the domain
boundaries. In this simulation, the parameters are given in Table 1 and Table 2:

Table 1. Parameters of 3D model

Parameters Specifications
External diameter of turbine 1000 mm

Internal diameter of turbine 750 mm

Number of blades 15, 25,30

Inlet blade angle 20°,25°, 30°, 35°, 40°, 45°
Length of pipe 17000 mm

Outer diameter of pipe 120 mm

Inner diameter of pipe 100 mm

Table 2. Parameters of Ansys simulation

Parameters Specifications
Inlet velocity 18.26 m/s
Density of water 1000 kg/m?
Acceleration due to gravity 9.8 m/s?
Viscous k-SST

Governing equations

This flow simulation was carried out using ANSY'S Fluent software with a pressure-based solver under
steady-state conditions. The software is based on the conservation equations for mass and momentum in
incompressible Newtonian flow. These equations constitute the basic mathematical structure that can be
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used to solve the velocity and pressure fields inside the computational domain as well as to determine the
hydrodynamic forces, torque, and power output. For incompressible flow, the continuity equation
(conservation of mass) becomes:

Ju Jdv OJOw _

)
m+®+m_

0

where u, v, and w are the velocity components in the x, y, and z directions (m/s). This equation is
imposed on the velocity field to ensure that the divergence of velocity is zero everywhere in space, which
is assumed for water as the working fluid because it has no compressibility.

The momentum equation (Navier—Stokes equation) solved by Fluent is:

av 2
p<E+V-|7V)=—|7P+u|72V+pg &

The present simulations are steady state; the transient term is equal to zero (dV /dt = 0); so, the
equation becomes:

p(V-VV)=—VP+ulV?V + pg (3)

where p is the fluid density (kg/m?), P is the pressure (Pa), u is the dynamic viscosity (Pa-s), and g is
the gravitational acceleration vector (m/s?). The left-hand term is the convective acceleration, and the right-
hand terms represent pressure forces, viscous diffusion, and gravitational body forces, respectively.

The governing equations were discretised by the finite volume method in the ANSY'S Fluent software
package. The second-order interpolation scheme was used for the discretisation of the pressure field. The
second-order approximation for this method is obtained by using the pressure gradient for each cell to
reconstruct pressure at the cell faces:

Pr = P.+VP. - Ar “4)

where where Pf is the pressure at the cell face (Pa), F; is the pressure at the cell centroid (Pa), V'F; is
the pressure gradient at the cell centroid, and Ar is the vector from the cell centroid to the cell face. Given
that the second-order scheme is capable of capturing pressure variations across the entire computational
domain and alleviates the problem of numerical diffusion, it is considered more accurate than the first-order
scheme. This is especially helpful in simulations with complex flow patterns like those around the crossflow
turbine blades.

The momentum equations were computed and written in a discretised form by using the second-order
upwind scheme. The second-order upwind method is different from the first-order upwind method as it
attempts to reconstruct a value of the transported variable on the cell face by using the cell-centred value
and the spatial gradient of the transported variable:

br =yt Voy - Ar (6))
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where ¢y is the transported variable at the cell face, ¢ is the value of the transported variable in the
upstream cell, V¢ is the gradient of the transported variable in the upstream cell, and Ar is the vector from
the upstream cell centroid to the cell face. For momentum transport, ¢ represents the velocity components
(u, v, or w). This higher-order interpolation gives an improvement in the resolution of velocity gradients
and eliminates numerical diffusion, making it ideal for resolving the behaviour of the flow around the
turbine blades.

The second-order pressure interpolation together with the second-order upwind momentum
discretisation makes sure that the numerical solution is sufficiently accurate with respect to the spatial
direction and that artificial diffusion is reduced. To compare the effects of blade geometry in these schemes,
the same schemes were used in all the simulation cases.

Analytical formulations

The hydrodynamic performance of the crossflow turbine runner was analysed by both theoretical
formulations and CFD-coupled calculations. The pressure field was calculated using ANSYS Fluent
simulation, and the primary quantities such as hydrodynamic force, torque, angular velocity and power
output were derived from the calculated pressure field.

For all of the CFD simulations in this study, the inlet velocity was calculated using Torricelli’s theorem,
which is based on the basic principle of conservation of energy:

v=,2gH (6)

This velocity was uniformly applied as a boundary condition on the inlet cross-sectional area (4 =
7(0.1)?/4 = 0.007854 m?), which was the same for all the tested configurations in this comparative study.
In CFD literature related to hydraulic turbines, it is common to adopt a theoretical inlet velocity to be used
as a reference for comparison with other geometric analyses. The efflux equation for Torricelli was
presented by Epple et al. (2017) and proved to be valid as a theoretical relation for hydraulic head-velocity
by experiments employing analytical momentum equations and CFD models. This method has been used
by Sammartano et al. (2016) and Sinagra et al. (2016) for crossflow turbine CFD to provide a standardised
starting point for comparative validation of designs, which has the benefit of reducing computational
complexity whilst maintaining the ability to rank design alternatives. Benzon et al. (2015) provides a
particularly relevant precedent in their study of Pelton injector geometries, which explicitly used an ideal
jet with a constant velocity profile as a standard inlet condition to rule out the effects of upstream hydraulic
variability and allow direct attribution of the differences in the performance of the various injector
geometries to the geometries themselves. Quaranta & Revelli (2017) also show how the Torricelli
term ,/2gH is used as a theoretical reference to normalise hydraulic performance measures to carry out
comparisons among different water wheels, while Reis & Carvalho (2018) clearly state the use of the
Torricelli velocity (a theoretical inlet boundary condition) in the OpenFOAM CFD simulation of an
Archimedes screw turbine.

It is important to note that the aim of this study is not to determine the absolute field performance of a
specific installation with a known set of pipe characteristics, but to perform a comparative geometric
analysis under controlled theoretical conditions. In a design application for a specific site, practitioners
would use proper correction factors (e.g., Darcy-Weisbach friction loss, minor loss coefficient) to modify
the velocity at the inlet based on actual pipe characteristics, as is typical in hydraulic turbine design
(Quaranta & Revelli, 2017; Sammartano et al., 2016). The idealised inlet condition used here is therefore
not a mistake, but rather a methodological decision well-grounded in the experience of other comparative
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turbine CFD studies that has a direct bearing on the main goal of this study, namely, to isolate the effects
of the blade geometry.

Hydrodynamic loading created during an interaction between the incoming water jet and the turbine
blades produces the rotational motion and torque production. In the present work, the resultant force on the
blade surface was computed based on the pressure—area relationship:

Force,F =P X A 7

where F is the resultant hydrodynamic force (N), P is the spatially averaged pressure on the blade
surface obtained from CFD (Pa), and 4 is the projected interaction area of the blade surface (m?). The exact
hydrodynamic force is computed as the surface integral of local pressure over the blade geometry:

F=/[ ,Pfds ®

where 71 is the unit outward normal at each surface element dS and P is the local CFD pressure. This
expression reduces to F = P X A under two assumptions: (1) the pressure is represented by its spatial

average, P = % ) ¢P dA; and (2) the direction of the resultant force is given by the projected area normal to

the dominant flow incidence, i.e., F~P- Aproj. If the same surface integral, same mesh, same inflow
conditions and the same solver settings are kept for all configurations, the relation between the surface
integral and the product of the pressure and the area is linear, and hence the relative ranking between the
hydrodynamic loading, the torque and the power output of the blades is also preserved.

The application of pressure-based force metrics that are simplified can be justified based on the
literature available in the context of comparative and parametric CFD studies. Low-fidelity 2D pressure
and flow response metrics are used explicitly by Tiwari et al. (2024) for parametric design sweeps of a
Francis turbine runner, with 3D simulation only being used for cross-validation of top-performing
candidates; this highlights that simplified pressure-based representations can be used to identify relative
performance trends during geometric optimisation. Marsh et al. (2016) also use a CFD pressure field to
determine hydrodynamic loading to compare the blade configurations for vertical-axis tidal turbines, but
do not report actual load magnitudes; only relative trends based on the pressure-derived loading are used to
infer relative structural performance trends across the blade configurations. Bowman et al. (2021) also
shows that the approach of combining the blade-resolved CFD pressure and viscous forces into
parameterised force coefficients to evaluate the performance in a reduced-order fashion is valid, with the
reduced-order quantity demonstrating a thorough performance comparison of the parent high-fidelity
simulation.

The same philosophy is followed in the present investigation to a similar end: the aim is to provide a
relative assessment of the effects of blade angle and blade quantity on torque generation and on the power
output for the same operating conditions, but not on the prediction of the magnitude of the absolute
structural loads. As a result, a comparative performance evaluation can be made in a consistent manner for
the various simulated output configurations using the pressure—area formula in a computationally efficient
way. It is worth highlighting that the current system is not a fully coupled fluid—structure interaction (FSI)
analysis. In this work, hydrodynamic flow behaviour and loading characteristics under pressure are the
focus, and the deformations of the blades, transient structural responses, and two-way coupling between
fluid and solid are not considered. A rotational moment is generated around the turbine shaft when the
hydrodynamic force on the blade surface acts as a force to cause it. The torque was calculated from:
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Torque,t =F Xr )

where 7 is the generated torque (N-m), F is the resultant hydrodynamic force on the blade surface (N),
and r is the radial distance from the turbine centre to the blade interaction point (m). The exact torque
around the turbine shaft can be computed from the surface integral of the moment that each of the elements
of the pressure force contributes:

7= [ (FxPn)dS (10)

where 7 is the position vector from the shaft centre to each surface element dS, and P 7i dS is the local
pressure force vector. This simplifies to T = F X r if two consistent assumptions are made: (1) the pressure
force resultant F is at a characteristic radial distance r (e.g., blade centroid or mid-span), and (2) the force
vector is perpendicular to the radial vector, giving maximum moment. In the current comparative context,
in which blade geometry changes while r is taken consistently throughout the configurations, the simplified
moment-arm formulation is sufficient to determine the relative levels of torque without having to integrate
the entire surface.

This moment-arm method is common for the calculation of pressure-induced blade loading for
comparative turbine CFD work. To do this, Naseem et al. (2022) used torque as the key performance
parameter in a parametric study of crossflow turbine blade design parameters and directly compared the
trends of torque in different geometries. Likewise, Kim et al. (2021) took CFD-calculated torque as the
criterion to compare the blade numbers of gravitational water vortex turbines. In the current study, where r
is kept equal for all of the blade configurations, the comparative rankings of torque take on the same values
as the hydrodynamic force and are thus interpretable and consistent for blade angle and blade quantity
effects.

A kinematic angular velocity, which was idealised, was calculated from the tangential flow velocity
obtained from CFD with the assumption of perfect momentum transfer at the blade surface:

V
Wideal = —— (11)

where w;4.4; 18 the idealised angular velocity (rad/s), V;,., is the maximum tangential flow velocity
from CFD (m/s), and r is the turbine runner radius (m). It should be noted that ® ideally corresponds to the
angular velocity of the turbine runner solid body, which is controlled by the unsteady torque balance:

dw
IE = Tfuid — Tload (12)

where I is the moment of inertia of the rotating assembly, Tf,;q is the hydrodynamic torque,
and 7,44 1s any external resisting torque. The quantity W;geq; = Vipax /7 is not an actual predicted shaft
angular velocity, but an idealised kinematic upper bound, based on the velocity triangle condition at the
runner inlet, under steady-state, no-load and perfect momentum transfer conditions where the peripheral
blade speed equals the tangential flow velocity. This condition represents the theoretical no-load (runaway)
speed limit and not the best efficiency operating point, which Sammartano et al. (2015) have determined to
be where the inlet particle velocity is about twice the peripheral velocity (wep: & Vipax/(27)). The adoption
of Wigear = Vinax/7 here is only a consistent kinematic reference for comparative assessment of the
different blade geometries, but not for optimum or actual operating speed. Because all simulations were

performed with the same inlet, the calculated ideal o trends present a common relative measure of the
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rotational response for these various blade configurations, but do not necessarily represent an
experimentally verified prediction of shaft speed or transient rotor-dynamics modelling.

The mechanical power output of the turbine runner was calculated to be:

Power =1t X w (13)

where P is the mechanical power (W), T is the torque (N'm), and w is the angular velocity (rad/s). This
basic definition of mechanical power of a rotating machine is used for any performance analysis on a
turbine. To find out the best geometry and to rank the blade configuration in different parametric designs,
Velichkova et al. (2023) and Woldemariam & Lemu (2019) used P = tw in their turbine studies conducted
using CFD. In the current work, the power output combines both loading (torque) and rotation (angular
velocity) responses and is used to address scenarios where a configuration might have a high torque but a
low angular velocity, or the other way around. Under constant CFD conditions (inflow conditions, mesh
topology, and solver settings), all the torques and angular velocities are comparable, and reliable geometric
performance ranking can be carried out without the need for transient rotor dynamics or coupled shaft
modelling.

Result and Discussion

Three turbine blade configurations (15 blades, 25 blades, 30 blades) were investigated at six blade angles
(20°, 25°, 30°, 35°, 40°, 45°). The results were presented in a systematic manner and critically discussed
with the aim of preserving the analytical clarity and technical relevance. The effect of the interaction
between these two parameters (blade number and blade angle) was investigated in detail, and the combined
effect of the two on turbine performance and efficiency optimisation was highlighted.

Pressure distribution characteristics

This type of pressure distribution on turbine blades offers insight into the hydrodynamic loading and
momentum exchange mechanisms of crossflow turbine performance. The crossflow turbine is a type of
impulse turbine and is based on the idea that effective deceleration and redirection of the jets during blade
interaction produce the local development of pressure, which is a measure of energy transferred (Lukes et
al., 2025). The distinction is important when interpreting the values in Table 3, since in impulse machines,
the amount of static pressure at the runner inlet and outlet remains about the same, and a change in pressure
on the blade surfaces is the result of dynamic (velocity-induced) loading.

Table 3. Overall pressure data

Pressure (Pa)

Blade angle 15 blade 25 blade 30 blade
20 312274.2 317972.6 318383.0
25 310146.1 314490.1 319336.3
30 308471.8 310623.6 313017.5
35 306981.6 301797.1 309907.6
40 300051.1 299924.3 304522.6
45 296327.1 305641.4 296672.7
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Fig. 5. Overall pressure data.

As the number of blades was increased, the pressure magnitudes on the blade surfaces became greater,
especially at moderate blade angles as shown in Fig. 5. The peak pressure for the 30-blade configuration
was 319,336.3 Pa at 25°, while it was 312,274.2 Pa at 20° for the 15-blade configuration. This is due to the
rise in the frequency of jet-blade interaction that enables stagnation pressure on the leading surface of the
blade to increase during the first phase of energy extraction. This behaviour is similar to the results obtained
by Assefa and Tesfay (2025a), who have undertaken parametric CFD simulations and shown that the
hydraulic efficiency increased by around 6 percentage points when the number of blades was increased
from 24 to 28 and that this effect was attributed to better continuous momentum transfer and steadier
pressure gradients across the runner (Assefa & Tesfay, 2025a). Likewise, Nishi et al. (2017) found that for
an undershot crossflow runner, increasing the number of blades resulted in higher mean torque and lower
torque fluctuations, corresponding to more stable jet—blade engagement during each revolution.

The number of blades does not, however, have a linear relationship with pressure. At 45°, the 25-blade
configuration (305,641.4 Pa) exceeded both the 15-blade (296,327.1 Pa) and 30-blade (296,672.7 Pa)
configurations. At high blade angles, this reversal indicates that an excessive number of blades creates an
interblade flow blockage and a narrower passage that does not increase the development of productive
pressure. Choi et al. (2008) reported similar characteristics in their CFD studies of crossflow hydraulic
turbines, where the suboptimal blade geometry induced recirculating flow inside the runner passages,
leading to significant hydraulic loss in both the energy extraction stages. In addition, Wu et al. (2022)
showed that for a hydrokinetic crossflow rotor, further increasing the number of blades from 2 to 4 reduced
the Pc from 37.5% to 30.2%, highlighting that the number of blades beyond the optimum for a particular
application will result in blockage and interaction losses, which will offset gains from increased frequency
of engagement.

Pressure development was highly affected by the blade angle. Pressure dropped steadily as the number
of blades was increased, from 20° up to 40°; then there was a slight increase for the 25-blade configuration
at 45° (305,641.4 Pa). An angle of 20° to 30° was found to generate a balance in pressure distribution and
cause good jet incidence while keeping the possibility of flow separation to a minimum, whereas angles in
the high range of 35° to 45° increased the turbulence and hydraulic losses, thereby making the transfer of
momentum less effective (Haryono et al., 2019; Lillahulhaq et al., 2022). These trends are well supported
by recent optimisation studies. Assefa and Tesfay (2025b) found that the optimum blade entry angle of 15°
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and a water admission angle of 60° provided the maximum hydraulic efficiency of 84.91%, whereas the
conventional combination of higher angles (30°, 90°) experienced dispersion of the jet inside the chamber
and high internal energy losses. Choi et al. (2008) also measured the influence of blade angle changes on
the pressure distributions and found that the changes in pressure were large, but the changes in local velocity
were relatively small, again indicating that the development of pressure is dominated by the flow incidence
geometry.

Repeated pressure peaks that occur at fixed places on the blade for all configurations show stagnation
zones where there is a significant velocity drop at the impact zone, which is closely related to torque
production (Tuapetel et al., 2025; Prabowoputra et al., 2023a). These stagnation zones also depend on the
geometry of the blade profile, as shown by Assefa and Tesfay (2025c), with the aerodynamic profiles
providing lower exit pressure and reducing the shedding of vortices for better flow attachment and a
coherent pressure difference between the surfaces of the blades. In addition, Wu et al. (2022) found that the
torque yields were asymmetric at varying rotational positions for different surfaces of the blades, further
emphasising the need to understand the averaged values of pressure with the flow behaviour at the instant.
Significantly, the findings showed that there is no direct link between turbine performance and pressure
level; that is, the highest pressure (319,336.3 Pa) was recorded for the 30-blade configuration at 25°, but
this does not necessarily correspond to the highest power output, since high pressure concentration may
increase hydraulic losses and structural loading (Assefa & Tesfay, 2025a; Monsalve et al., 2024). In the
subsequent torque, angular velocity and power analyses in the following section, this compromise is
eliminated by applying both pressure-driven loading and rotational response.

Torque performance

Torque production was found to be dependent both on the number of blades and the blade angle, with
the specific relation between these variables varying by configuration and not necessarily being monotonic.
Generally, the more blades there were on the turbine, the more torque was produced at the lower blade
angles (20°-30°), indicating more transfer of momentum from the water jet to the runner (Fig. 6). The
torque values are shown in Table 4 for all the configurations.

The 30-blade configuration had the highest torque value of 3257.230 Nm at 25°, which was 3.0%
greater than that of the 15-blade configuration (3163.490 Nm) at 25°. This enhancement is brought about
by the greater interaction of the blades with the jet, which enables the higher jet kinetic energy to be utilised
in the crossflow process in both stages. Assefa and Tesfay (2025a) employed parametric CFD simulations
to examine the effect of blade number (from 24 to 28) on hydraulic efficiency, finding a similar result, with
a slight improvement in hydraulic efficiency due to the increased number of blades, which resulted in more
continuous transfer of momentum and steadier torque generation around the circumference of the runners.
Tuapetel et al. (2025) also found the torque to be dependent on the blade angle; moderate angles were found
to create hydraulic losses due to the blade angle.

Table 4. Torque (Nm)

Torque (Nm)
Blade angle 15 blade 25 blade 30 blade
20 3185.197 3243.321 3247.507
25 3163.490 3207.799 3257.230
30 3146.412 3168.361 3192.779
35 3131.212 3078.330 3161.058
40 3060.521 3059.228 3106.131
45 3022.536 3117.542 3026.062
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Fig. 6. Torque versus angles for 3 different blade numbers.

However, the higher number of blades is not always beneficial in terms of torque. The 25-blade
configuration (3078.330 Nm) was found to be lower than both the 15-blade (3131.212 Nm) and the 30-
blade (3161.058 Nm) configurations at 35°, and this indicates that interblade blockage at higher angles can
overcome the engagement advantage. With CFD analysis, Choi et al. (2008) showed that recirculating flows
may occur in the runner passages due to suboptimal blade angles, leading to hydraulic losses in both stages
of the turbine, which get more severe as the number of blades increases. The literature also reported that
increasing the number of blades too much might cause blockage, meaning that the number of blades must
be carefully optimised and not maximised (Maulana et al., 2023).

The angle of the blade was a key factor in torque generation. Optimum blade angles of 20° to 25° were
found to give maximum torque values for all of the configurations, giving an optimum jet incidence angle
and momentum redirection. The decreased torque at high angles (35° to 45°) is believed to be caused by
increased flow separation and energy dissipation, which aligns with the results of experimental studies on
crossflow turbines by Alfeuz et al. (2024), as well as with the observations made by Lillahulhaq et al.
(2022), who observed that higher blade angles led to lower efficiency because of early flow separation.

One remarkable deviation from the monotonic behaviour is the torque value for 25 blades at 45° of
3117.542 Nm as compared to 3059.228 Nm at 40°, a 1.9% improvement. This behaviour is more likely a
result of complex interactions between the unsteady flows at extreme angles of attack of the blades than a
simple secondary impulse mechanism. Intracycle angular velocity simulations by Dave et al. (2022)
revealed that large apparent angles of attack create trailing-edge vortices and dynamic stall phenomena that
cause non-monotonic fluctuations in torque; Wu et al. (2022) described the regions of torque surface
cancellation at high angles of attack, where the contributions from the upper and lower surfaces partially
compensate for each other, causing transient oscillations rather than a systematic recovery. The local
increase observed for the 25-blade case is thus taken to be a transient unsteady phenomenon particular to
this configuration, and conditions like these are generally avoided in practical designs for reasons of
associated flow instability and risk of structural vibrations.
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Angular velocity behaviour

Generally, velocity showed an inverse trend with blade number; in most cases, the 15-blade
configuration had a higher velocity compared to the 25- and 30-blade configurations (Fig. 7). The full
values of the angular velocities for all configurations are presented in Table 5.

Table 5. Angular velocity (rad/s)

Angular velocity (rad/s)

Blade angle 15 blade 25 blade 30 blade
20 22.804 22.463 22.368
25 23.644 22.284 22.687
30 22.960 23.264 22.685
35 22.506 22.890 21.311
40 23.414 22.018 22.896
45 24.101 22.742 23.386
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Fig. 7. Angular velocity versus angles for 3 different blade numbers.

It was observed that the maximum angular velocity obtained by the 15-blade configuration of the wind
turbine was 24.101 rad/s at 45°, whereas the 25-blade and 30-blade wind turbine configurations had
maximum angular velocities of 22.742 rad/s at 45° and 23.386 rad/s at 45°, respectively. This trend is in
good agreement with the smaller blade area and lower flow blockage of the 15-blade runner, which will
allow the runner to accelerate more freely under the same flow conditions. It must be emphasised, however,
that this inverse relationship does not necessarily occur for all combinations. However, Sahu et al. (2025)
found that for a particular geometry, the maximum performance of the turbine was obtained at 20 blades
and 600 rpm, which shows that the optimum number of blades and speed depend on the application and are
dependent on loading conditions, admission geometry, and runner inertia.

In general, the number of blades was found to have an inverse effect on the angular velocity due to
increased hydrodynamic resistance. This behaviour is typical in the design of crossflow turbines, where
increasing the density of blades leads to a reduction in the flow passage area, which in turn reduces the
ability to accelerate the turbine’s rotation. The effect of the blade angle on the angular velocity was less
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systematic than in torque. Moderate angles (20°-30°) were the most effective in balancing force generation
and flow continuity.

Interestingly, the 15-blade configuration was found to exhibit a monotonic increase in the angular
velocity with increasing blade angle (from 22.804 rad/s at 20° to 24.101 rad/s at 45°). The counterintuitive
trend is explained by the reduced blade surface area of low-blade-count runners; flow separation at high
angles causes less cumulative drag if there are fewer blades to experience the separated flow. In the 30-
blade configuration, this same separation causes a compounding drag effect, which leads to a minimum
angular velocity of 21.311 rad/s at 35° out of all the various cases. Minimisation of peak apparent angles
of attack by intracycle control was shown to reduce dynamic stall and enhance rotational consistency (Dave
et al., 2022), highlighting the effect of angular velocity on the separation behaviour. The angular velocity
values stated are kinematic estimates based upon maximum tangential flow velocity and under idealised
assumptions of momentum transfer and exclude transient rotor dynamics, bearing friction, and shaft inertia.

Power output performance

Power output (P =1 X ), the most complete expression of turbine response, combines loading capacity
and rotation in a single measure, and is directly related to the effectiveness of the energy-conversion
process. Complete power output values for all configurations are shown in Table 6.

Table 6. Power (kW)

Power (kW)
Blade angle 15 blade 25 blade 30 blade
20 72.637 72.855 72.640
25 74.799 71.483 73.896
30 72.243 73.708 72.428
35 70.472 70.464 67.365
40 71.658 67.357 71.117
45 72.845 70.899 70.766

When the blade angles in all blade configurations were between 20° and 30°, the power output obtained
was at a maximum (Fig. 8). The 15-blade configuration had its highest power at 25°, at 74.799 kW; the 25-
blade configuration had its highest power at 30°, at 73.708 kW; and the 30-blade configuration had its
highest power at 25°, at 73.896 kW. The results of the 15-blade runner at 25° showed the highest overall
power value (74.799 kW), and it was also found that the optimum value of power did not correspond to the
maximum number of blades, which is the key to solving the torque—speed compromise; the 15-blade runner
at 25° was optimum. This result aligns with a study by Wu et al. (2022) that showed a higher power
coefficient of a 2-blade hydrokinetic crossflow rotor compared to a 4-blade rotor, which was attributed to
the lower blade—blade interaction and smaller losses from interference. In the broader context, Lillahulhaq
et al. (2022) and Alfeuz et al. (2024) have shown the importance of effective momentum extraction at
moderate blade angles rather than only having a high number of blades or a high rotational speed.

These current CFD results align with the experimental results of Hunt et al. (2024) and agree that
turbines with more blades show a decrease in efficiency, although there is a more even distribution of
power. In line with this, Bendes et al. (2023) also validated the optimal number of blades as 30, where the
Banki turbine efficiency of 74.91% was obtained through experimentation, which is close to the trends of
power output obtained in the present study.
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Fig. 8. Power versus angles for 3 different blade numbers.

The main reason for the loss of performance above a 30° blade angle is flow separation (Fig 8).
However, for moderate angles (20° to 30°), the boundary layer is mostly attached to the pressure side of
the blade, which allows for good pressure recovery and momentum transfer. If the blade angle is increased
beyond 30°, then the adverse pressure gradient created on the suction side is more severe and separation
occurs. The results by Choi et al. (2008) through CFD analysis confirmed that unfavourable blade angles
resulted in recirculation within runner passages, generating a significant hydraulic loss in both turbine
stages, whereas the results of Dave et al. (2022) demonstrated how reducing the peak apparent angles can
increase power generation and further mitigate dynamic stall effects, therefore solidifying the relationship
between high apparent angles and power loss.

The 30-blade configuration at 35° showed the worst power reduction (67.365 kW, the lowest value
among all configurations), such that a high number of blades leads to increased separation effects due to an
increased number of surfaces in contact with the disrupted flow. On the other hand, the partial power
recovery at 45° for the 15-blade configuration (72.845 kW) is due to the less cumulative drag of a low-
blade-count runner, which has the ability to partially reorganise separated flow between widely spaced
blades. In the transition between attached and separated flow, fluctuations in power for the adjacent blade
angles were observed, especially for the 25-blade configuration between 25° (71.483 kW) and 30° (73.708
kW). This sensitivity has been identified by Assefa and Tesfay (2025b), who showed that a change from
an optimised blade entry angle (15°) to a conventional set-up (30°) resulted in a loss of 5.8% in hydraulic
efficiency as a result of jet dispersion and flow mismatch.

Conclusion

The results indicated that having blades has a significant non-monotonic influence on the pressure
distribution. The 30-blade configuration always gave the most even and greatest pressure values on the
blades, especially at low blade angles, which allowed momentum to be transferred more effectively, thus
leading to greater torque production. The 15-blade arrangement resulted in more localised pressure
distributions and lower pressure values in comparison to the 3-blade arrangement, and thus energy capture
was reduced. The pressure concentration seen along the blade leading edge at 20° and 25° indicated optimal
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flow—surface interaction, while higher blade angles above 25° experienced significant pressure reduction,
highlighting the lower effect of energy transfer at higher angles.

Blade angle was shown to be a significant factor in determining the ability of the flow to attach itself
to a blade and the effectiveness of energy transfer. For all set-ups, the angles that consistently achieved the
best hydrodynamic conditions (20°-25°) were the ones that allowed attached flow, reduced drag and
effective momentum transfer by pressure. As the angle increased, the performance decreased, and flow
separation increased more and more when the angle exceeded 30°. The power reduction was the most severe
with the 30-blade configuration at 35° (67.365 kW), showing that the more blades there are, the worse the
impact of the flow separation, as it has more surfaces to interact with. In contrast, the 15-blade configuration
showed some recovery of the power at 45° (72.845 kW), indicating that at low blade density, the separated
flow could reattach between the blades, thus partly offsetting losses.

The connection between the investigated parameters is that the number of blades and the blade angle
are dependent on each other and affect the performance of the turbine. Increasing the number of blades will
improve the uniformity of the pressure and the torque created but will cause decreased rotational speed and
will increase the likelihood of flow separation at higher angles. Under adverse conditions, lower blade
counts favour angular velocity and flow reorganisation at the expense of reduced torque production by the
pressure-created flow. The interdependence establishes that the optimal turbine configuration does not
involve maximisation of any one parameter, but rather balancing the development of pressure, torque
generation and rotational response to meet application needs. According to the simulated conditions, it is
found that the 30-blade configuration at 20°-25° is the best design with the maximum power generation in
the current comparative analysis of this study, while the 15-blade configuration may be best in terms of
rotating speed characteristics. The results provide a foundation for further experimental testing and design
enhancement. To further clarify the flow separation dynamics and structural integrity under peak pressure
loading, future research efforts should concentrate on experimental verification of the torque and power
predictions, as well as transient simulations and fluid—structure interaction analysis.
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