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Abstract

This study presents a computational analysis of degradation caused by cavitation and
hydro-abrasive erosion in a low-head axial microturbine (H = 4 m), incorporating strategic
air injection as a passive mitigation technique. Using Computational Fluid Dynamics (CFD)
within ANSYS CFX 2025 R2, the study investigates hydrodynamic performance and the
spatial distribution of surface wear across the runner blades. The turbine geometry was
developed from aerofoil profiles mapped onto cylindrical coordinates, using a structured
three-dimensional mesh with localized refinement to ensure grid independence. Physical
modeling employed the Shear Stress Transport (SST) turbulence model, with cavitation
dynamics governed by the Rayleigh–Plesset equation and sediment transport modeled
using a Lagrangian framework incorporating the Finnie erosion model. The numerical
framework showed good agreement with reference characteristic curves, confirming its
predictive accuracy. The results indicate that vapor cavities form predominantly on the
suction side, whereas solid particle erosion highly concentrated on the pressure side of
the blades, where the outer 20% of the span accounts for over 91% of the total erosion
intensity. Parametric assessments of controlled air injection revealed a highly non-linear
mitigation response, identifying IAVF 2 as the optimal air-injection case. This configuration
reduced integrated erosion by 0.95% and maximum localized erosion by 6.17%. In contrast,
excessive air volumes accelerated material removal due to localized flow distortion. The
findings indicate that carefully controlled air injection is a viable strategy for extending the
operational lifespan of small-scale hydropower assets.

Keywords: axial flow turbomachinery; multiphase flow CFD; cavitation-erosion synergy;
air injection mitigation

1. Introduction
Axial turbines play a pivotal role in global energy generation, distinguished by their

effectiveness in handling large water volumes under low-head conditions [1]. However, the
integrity of these assets is challenged by cavitation, which, not only compromises hydraulic
performance, but also triggers instabilities and structural damage [2]. Furthermore, the
presence of suspended sediments intensifies abrasive wear, leading to increased mainte-
nance costs [3]. Given this complexity, geometric optimization and flow analysis are vital
for mitigating energy losses [4], particularly in sustainable energy recovery applications
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within existing infrastructure—such as Wastewater Treatment Plants (WWTPs)—which
can yield attractive financial returns [5].

Wear in these machines is a multifaceted phenomenon in which cavitation and
erosion often coexist, accelerating surface degradation. According to Shrestha et al. [6],
erosion removes material and alters the natural frequencies of the blades, inducing critical
vibrations. This scenario is exacerbated in particle-laden flows, where the simultaneous
action of these phenomena modifies surface roughness and compromises hydrodynamic
stability [7]. Consequently, experimental studies are essential for predicting wear rates
under varying sediment concentrations [8], while localized pressure drops promote
material embrittlement through the implosion of vapor bubbles [9].

Computational Fluid Dynamics (CFD) has significantly advanced this field by enabling
the analysis of phenomena that are difficult to observe experimentally while reducing pro-
totyping costs [1]. Current models allow investigations ranging from inter-blade cavitation
vortices and their associated pressure oscillations [10] to severe multiphase flows. In this
regard, implementing modified drag and erosion models is fundamental to capturing
particle trajectories and identifying zones of severe impact [11], thereby providing crucial
data on material loss when experimentally validated [12].

The dynamics of particulate transport are intrinsically linked to vortex structures
and secondary flows. Inter-blade vortices act as sediment-trapping mechanisms, directing
particles toward the runner and intensifying cutting erosion [13]. This behavior depends
on particle inertia (Stokes number), which dictates how particles deviate from streamlines
to collide with solid boundaries [14]. In clearance regions, tip-leakage vortices concentrate
erosion and alter pressure distributions [15], creating a complex flow regime that degrades
overall system performance [7].

To mitigate the combined effects of surface degradation, active research has focused on
flow-control strategies. Air injection acts as an effective passive erosion control mechanism
through two primary physical phenomena [16,17]. First, it leverages a cushioning effect,
wherein the presence of a dispersed gas phase near the wall reduces the effective mixture
density. This localized density reduction significantly increases the drag force acting on
incoming sand particles attempting to penetrate the fluid layer, thereby reducing their
terminal impact kinetic energy (vn

p) and subsequent indentation capability. Second, the
mechanism provides hydrodynamic shielding by modifying the local pressure gradient
(∇p) adjacent to the blade boundaries. According to the Lagrangian trajectory equations,
the establishment of a positive pressure gradient normal to the wall generates an adverse
force that diverts sediment trajectories away from the metallic substrate, drastically re-
ducing the overall particle collision frequency (N) [16]. Furthermore, recent numerical
simulations demonstrate that air injection significantly modifies near-wall flow characteris-
tics, effectively suppressing sediment accumulation and reducing hydro-abrasive wear on
critical runner components [18]. Experimental evidence also suggests that injecting com-
pressed air into low-pressure regions disrupts localized vacuums conditions and increases
pressure, providing a substantial cushioning effect that suppresses cavitation-induced noise
and reduces structural vibration by up to 30% [19].

To ensure maximum mitigation coverage across the blade surfaces, the geometric
location of the air admission is critically important. Recent advance in multiphase turbo-
machinery flow control, such as those demonstrated by Lu et al. [20], have shown that
positioning air injection ports upstream of the runner, specifically within the adjustable
guide vane and rotor inlet interface, substantially reduces in bubble attachment and local
vapor volume fractions while simultaneously stabilizing pressure recovery fields [21,22].
While this upstream injection technique has been successfully used by Lu et al. to suppress
cavitation dynamics, its application to hydro-abrasive sediment erosion has not yet been
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explored in the literature. Guided by this rationale, the present numerical framework
positions strategic air injection directly at the inlet rotor section, aiming to optimize the in-
troductory volume fraction of the gaseous phase right at the threshold of the high-gradient
hydrodynamic conversion zone. This strategic placement is designed to maximize particle
trajectory deflection and cushioning efficiency before the multi-component mixture propa-
gates into the critical peripheral regions of the runner blades. Furthermore, this approach
is intended to evaluate mitigation effectiveness against solid particle wear, filling a gap in
the literature while addressing the significant implementation challenges associated with
alternative methods. Unlike direct air injection through blade surfaces—which involves
prohibitive computational costs and high implementation complexity—the use of an inlet-
based point source offers a streamlined, novel, and economically viable framework for
assessing practical applicability in sediment-laden flows.

In view of these mechanisms and the challenges associated with accelerated wear in
small hydropower plants, this work presents a comprehensive numerical investigation
of concurrent cavitation and sediment erosion phenomena within a low-head (H = 4 m)
axial microturbine. The primary novelty of this investigation lies in the geometric and
operational decoupling of the air injection mechanism from the rotating elements of the
turbine. While historical flow-control and cavitation-mitigation methodologies rely on
injection air through intricate channels machined directly into the runner blades or draft
tube surfaces [1,10], the framework developed herein utilizes discrete point-source injectors
positioned entirely within the stationary inlet rotor domain. This upstream configuration
shifts the mitigation mechanism from local blade-surface pressure modulation to macro-
scale hydrodynamic deflection of the discrete phase. By establishing targeted localized
flow perturbations upstream of the runner inlet, incoming solid particles are systemati-
cally deflected away from the critical blade leading edges. Consequently, this approach
eliminates the need for complex structural or geometric modifications to the rotor blades,
presenting an alternative engineering strategy that addresses hydro-abrasive wear through
manufacturing simplicity and reduced installation costs.

2. Mathematical Model
2.1. Governing Equations

The fluid flow is modeled using a three-phase mixture approach (liquid water, water
vapor, and air), governed by the conservation equations for mass and momentum [18,19]. The
continuity and momentum equations for the multi-phase mixture are defined as follows:

∂ρm

∂t
+∇ · (ρmvm) = 0 (1)

∂(ρmvm)

∂t
+∇ · (ρmvmvm) =−∇p +∇ · [µm(∇vm +∇vT

m)] + ρmg

+ F +∇ ·
(

n

∑
k=1

αkρkvdr,kvdr,k

) (2)

where ρm represents the mixture density [kg/m3], vm is the mass-averaged velocity vector
[m/s], p is the static pressure [Pa], µm is the mixture dynamic viscosity [Pa·s], g is the
gravitational acceleration, and F is the body force [18,19]. The term vdr,k represents the drift
velocity for the k-th phase and account for the relative slip between the dispersed bubbles
and the continuous liquid phase [18].
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The dynamics of the secondary phases, specifically water vapor and injected air, are
governed by their respective volume fraction transport equations [18,19]:

∂(αkρk)

∂t
+∇ · (αkρkvm) = −∇ · (αkρkvdr,k) + Sk (3)

For the vapor phase, the source term Sk corresponds to the net mass transfer rate, Re − Rc,
representing the evaporation and condensation processes associated with cavitation [18].
For the air phase, Sk accounts for the air injection source implemented via the point-source
boundary condition in the runner domain [18,19].

The mixture properties, namely density (ρm) and dynamic viscosity (µm), are deter-
mined from the volume fractions weighted contributions (αk) of the liquid (l), vapor (v),
and air (a) phases:

ρm = αvρv + αaρa + (1 − αv − αa)ρl (4)

µm = αvµv + αaµa + (1 − αv − αa)µl (5)

where αk satisfies the condition ∑ αk = 1 [18,19]. The variables ρk and µk denote the density
and dynamic viscosity of each phase, respectively.

To close the transport equations and model turbulence effects within the multiphase
flow, the Shear Stress Transport (SST) model was adopted. This two-equation model
combines the robustness and accuracy of the k − ω formulation in near-wall regions with
the free-stream independence characteristic of the k − ϵ model away from solid boundaries.
The selection of the SST model is justified because of its superior ability to predict the onset
and extent of flow separation under adverse pressure gradients, which commonly occur in
turbomachinery operating under cavitating and sediment-laden conditions. Consequently,
this approach provides a more reliable prediction of viscous stresses and the resulting
velocity field [1].

The continuous flow field and multi-component transport equations are resolved
using a steady-state formulation to achieve numerical convergence across the four coupled
phases: continuous liquid water, water vapor, discrete solid sediments, and the injected
gas phase. Although cavitation dynamics and particle impacts are inherently transient,
this algebraic configuration provides a necessary baseline control for managing the high
computational demands of the multiphase system. By filtering highly localized, time-
dependent fluctuations, the model isolates the macro-scale hydrodynamic trajectories
required to evaluate the physical viability of the upstream air-injection technique, while
the resolution of micro-scale, transient interactions is left for future studies.

2.2. Boundary Conditions

The full computational domain and its respective boundary conditions are illustrated
in Figure 1. The boundary types were assigned according to their physical roles within
the system. For all solid surfaces, impermeability and no-slip condition were enforced,
ensuring that the fluid velocity at the wall was zero and that interaction occurred exclusively
through viscous shear stresses. A total pressure condition was prescribed at the domain
inlet, while a mass flow rate condition was imposed at the outlet to ensure consistency
with the experimental test bench conditions. The local gravitational acceleration was set to
9.782 m/s2, corresponding to the experimental site in Itajubá.

To provide closure for the turbulence transport equations, the inlet flow was specified
with a turbulence intensity of 5%, a standard value fo r internal subsonic flows that enables
accurate calculation of the production and dissipation terms. Cavitation phenomena were
modeled using the Rayleigh–Plesset model, with water vapor incorporated as a secondary
phase. The physical properties were calculated based on a fluid temperature of 25 °C, with
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the saturation pressure defined at 3169 Pa. Phase change dynamics were controlled by a
condensation coefficient of 0.01 and a vaporization coefficient of 50, which regulate the
growth and collapse rates of the vapor cavities. The vapor phase density was maintained
at 0.02308 kg/m3.

Figure 1. Full computational domain and boundary condition setup. The model features a runner
with an outer diameter of 0.2888 m, an inner diameter of 0.112 m, a length of 0.125 m, and a nose
cone (ogive) length of 0.0715 m.

The transport of particulate matter was modeled as a dispersed phase, with sand
acting as the solid material. A material density of 2650 kg/m3 was assigned to the particles
to match the sediment properties found in the Madeira River (Porto Velho region, Brazil),
as reported by Pires [23]. Based on the seasonal river data documented by Pires [23], a
realistic sediment concentration of 0.85 g/L was adopted to model the interaction between
the continuous water flow and the dispersed solid phase. Finally, Table 1 outlines the
parametric evaluation conducted as a function of the total number of tracked particles to
ensure statistical convergence of the erosion predictions.

Table 1. Sensitivity study of particle injection on maximum erosion depth.

Number of Particle Injections (−) Maximum Erosion (10−4 m)

2000 19.3
300,000 2.69
600,000 1.83
900,000 1.42

1,200,000 1.35

Due to the direct correlation between the number of particle injections and the overall
computational overhead, a sensitivity analysis was performed to determine an optimal
injection count. An injection quantity of 9 × 105 was selected for the final simulations, as
the resulting erosion data exhibited a variance of less than 5% compared to higher injection
counts, indicating a stabilized numerical behavior. Consequently, this value ensures a
rigorous characterization of the erosive process while optimizing computational resources.

2.3. Cavitation Model

The Rayleigh–Plesset model is employed to simulate cavitation using a homogeneous
multiphase approach, with mass transfer rates estimated from bubble dynamics. The model
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describes the growth and collapse of a spherical vapor bubble in a liquid, as defined by
Equation (6):

RB
d2RB

dt2 +
3
2

(
dRB
dt

)2
+

2σ

ρl RB
=

pv − p
ρl

(6)

where RB is the bubble radius, ρl is the liquid density, and σ is the surface tension coefficient
between the liquid and vapor phases. This equation is derived from a mechanical force
balance. Furthermore, the mass transfer rates for vaporization (Re) and condensation (Rc)
are determined as follows:

Re = Fe
3αnuc(1 − αv)ρv

RB

√
2
3
|pv − p|

ρl
if p < pv (7)

Rc = Fc
3αvρv

RB

√
2
3
|pv − p|

ρl
if p > pv (8)

where pv is the saturation vapor pressure, αnuc is the nucleation site volume fraction, and
Fe and Fc are empirical constants for evaporation and condensation, respectively [24,25].

2.4. Particle Dynamics and Erosive Wear

The transport of the solid phase, comprising sand sediments, was modeled using a
Lagrangian framework within the Discrete Phase Model (DPM) approach [24]. Individual
particle trajectories were determined by integrating the force balance per unit mass, as
formulated in Equation (9):

dup

dt
= FD(u − up) +

g(ρp − ρ)

ρp
(9)

where up denotes the particle velocity, FD(u− up) represents the unit drag force, and g is the
gravitational acceleration. Given the dilute nature of the mixture (1% mass concentration), a
one-way coupling scheme was implemented. In this regime, the continuous phase dictates
the particle motion, while the influence of the discrete phase on the main flow field remains
negligible [26]. The reliability of this coupling was assessed via the Stokes number (Stk),
defined in Equation (10):

Stk =
ρpd2

pu
18µD

(10)

In this expression, dp is the particle diameter and D corresponds to the characteristic
rotor diameter [27]. In the present study, the maximum Stokes number obtained was
1.6× 10−3 for a particle diameter of 27 µm. This result (Stk ≪ 1) confirms that the sediment
particles closely follow the fluid streamlines [14], characterizing a regime dominated by
velocity field alignment.

Surface degradation due to erosion was predicted using the Finnie model, which at-
tributes material removal to the kinetic energy of impacting particles and their impingement
angle [28]. The erosion rate E is quantified by Equation (11):

E = kvn
p f (γ) (11)

The impact angle function, f (γ), is defined in Equation (12):

f (γ) =

sin(2γ)− 3 sin2(γ) if tan(γ) < 1/3
1
3 cos2(γ) if tan(γ) ≥ 1/3

(12)
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Within ANSYS CFX, Equation (11) was rewritten as Equation (13) to obtain a dimen-
sionless erosion factor:

E =

(
vp

v0

)n
f (γ) (13)

where v0 represents the empirical reference velocity [m/s] used to scale the magnitude
of the impact kinetic energy, effectively absorbing the material-dependent calibration
constants [24]. In this investigation, the reference velocity was defined as v0 = 2010 m/s,
and the exponent was set to n = 2.0.

Finnie’s empirical model was selected to balance predictive accuracy and computational
efficiency. Given that the coupled continuous flow and cavitation phase-change equations
require substantial numerical resources, adopting this simplified model is justified.

3. Validation of Erosive Wear Modeling
3.1. Case Study

The numerical methodology was validated by replicating the experimental conditions
established by [29]. The computational domain was designed to replicate the discharge
nozzle and test specimen under a 90° direct impingement configuration (Figure 2). The
specific operational parameters used in the validation study are summarized in Table 2.

Figure 2. Boundary conditions.

Table 2. Operational parameters for submerged erosion testing validation.

Parameter Value

Nozzle diameter 7 mm
Nozzle-to-sample distance 12.7 mm
Mean nozzle velocity 14 m/s
Specimen material Stainless steel 316
Nominal sand diameter 300 µm
Sand concentration (by mass) 1%
Impact angle 90°
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3.2. Numerical Procedure

The numerical simulation employed a Lagrangian particle tracking approach, using
particles with a diameter of 300 µm and a density of 2650 kg/m3. Given the dilute nature
of the mixture (1% mass concentration), a one-way coupling scheme was implemented [26].
This setup ensured that fluid–solid interactions were accurately captured while maintaining
computational efficiency.

The geometry was discretized using ANSYS CFX. A mesh independence test was
performed across three nodal densities (0.77, 2.9, and 6.8 million nodes). A comparison
of the thickness loss (µm) is presented in Figure 3. To optimize computational cost, the
2.9-million-node mesh was adopted. RMS residuals were set to 10−4. Near-wall refinement
ensured y+ values < 5, maintaining the validity of the SST model wall functions and
ensuring that the velocity profile responsible for transporting particles to the impact region
was accurately captured.

Figure 3. Computational mesh implemented for the solid particle transport.

To ensure that the erosion predictions were statistically independent of sample size,
a sensitivity analysis of the number of injected particles was performed. Three distinct
populations were evaluated: 150,000, 300,000, and 350,000 particles. The numerical results
demonstrated that the maximum deviation in predicted thickness loss between the 300,000
and 350,000 particle sets was below 5%, indicating asymptotic convergence. Consequently,
a population of 300,000 particles was established as the optimal threshold, providing a
statistically representative characterization of the erosive phenomenon while maintaining
computational cost-effectiveness. These sensitivity metrics are compiled and presented
in Table 3.
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Table 3. Sensitivity study of particle injection on maximum erosion depth.

Number of Particle Injections (−) Maximum Erosion (10−4 m)

150,000 2.84
300,000 2.69
350,000 2.61

3.3. Validation Results

The fidelity of the computational framework was verified by benchmarking the nu-
merical predictions against the experimental measurements reported by [29]. To quantify
erosive degradation, the depth of material removal was calculated as a function of localized
mesh parameters, as defined in Equation (14):

hi =
Erate,i · t
ρmat · Ai

(14)

where hi represents the localized erosion depth at mesh element i, Erate,i denotes the mass
flow rate of particles impacting the surface [kg/s]; t is the exposure duration [s]; ρmat is
the density of the AISI 316 stainless steel specimen [kg/m3]; and Ai is the face area of the
corresponding element [m2]. Since ANSYS CFX outputs wear data through the erosion
rate density (E) variable [kg/(m2·s)], Equation (14) was simplified to facilitate direct depth
profiling, as shown in Equation (15):

hi =
E · t
ρmat

(15)

The correlation between the experimental data and the numerical results is illustrated
in Figure 4. The simulation successfully replicated the physical phenomenon, accurately
predicting both the peak erosion magnitude (approximately 140 µm) and the characteristic
“W-shaped” wear topography.

This characteristic “W shaped” profile is a direct consequence of the hydrodynamic
influence on sediment trajectories. As the jet approaches the target, the fluid velocity
decreases sharply, reaching a minimum at the stagnation point (the center of the impact
zone). Consequently, the particle kinetic energy is dissipated in this region, leading to a
localized reduction in thickness loss, as evidenced by the velocity field shown in Figure 4.

Figure 4. Validation of the numerical results through comparison with experimental data obtained
from Mansouri [29].
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To quantify numerical accuracy, Table 4 presents the normalized the wear distribution
profile and details the relative percentage errors at critical hydrodynamic regions. Within
the areas of maximum material degradation, the mathematical framework demonstrates
predictive capability, yielding localized relative errors of only 0.44% and 1.97% at the left
and right erosion peaks, respectively. This localized accuracy is critical because these
peaks represent the regions accounting for more than 80% of the total active wear volume
(Profile Share). In the central stagnation zone, where particle impact velocity approaches
zero due to the localized high-pressure fluid cushion, the relative discrepancy remains low
at 0.83%. Globally, the normalized Mean Absolute Error (MAE) and Root Mean Square
Error (RMSE) remain within single-digit percentages at 4.38% and 6.37%, respectively.
Combined with a global active profile error of 1.58% and a coefficient of determination
(R2) indicating that the model captures 97.40% of the experimental variance, these metrics
demonstrate that the discrete phase framework can map particle–surface interactions.

Table 4. Quantitative validation metrics and local relative errors across the wear profile.

Region/Location Coordinate x (mm) Profile Share (% of ymax) Relative Error (%)

Left Erosion Peak −4.85 92.44% 0.44%
Central Stagnation Zone 0.52 0.84% 0.83%
Right Erosion Peak 4.67 81.24% 1.97%

Global Statistical Index Value (%) Description

Normalized MAE 4.38% Mean absolute error scaled by ymax
Normalized RMSE 6.37% Root mean square error scaled by ymax
Active Profile Mean Error 1.58% Global relative error (active wear zone)
Determination Coefficient 97.40% Variance prediction capacity (R2 = 0.974)

As the flow accelerates radially outward from the stagnation zone, the increased
particle momentum results in higher material removal rates in adjacent regions. This
hydrodynamic behavior accounts for the wear peaks observed in Figure 5, confirming
the model’s ability to capture the complex fluid–solid interactions inherent to impinging
jets. This level of fidelity demonstrates that the proposed framework is a reliable tool for
forecasting the operational lifespan of industrial components in which impingement is the
primary wear mechanism, such as flow control devices and turbomachinery components.

Figure 5. Velocity field contours across the fluid domain cross-section.
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4. Case Study and Air Injection Setup
4.1. Case Study Description

The geometry selected for this study is based on the axial turbine design pioneered
by [30]. Developed under guidelines emphasizing robustness, structural simplicity, and
reduced maintenance and operational requirements, this machine serves as the structural
and functional baseline for the present simulations. The prototype’s experimental trials
were conducted at the Hydromechanical Laboratory for Small Hydroelectric Power Plants
(LHPCH) in Itajubá, Brazil, providing a reliable performance benchmark for this investiga-
tion. The technical specifications and operational parameters are summarized in Table 5.
The hydro-mechanical assembly features a compact linear arrangement, with horizontal
flow from left to right (Figure 6).

Table 5. Technical specifications and design parameters of the axial microturbine.

Parameter Symbol Value Unit

Net head H 4 m
Flow rate Q 286 L/s
Rotational speed n 1145 rpm
Design power P 9.8 kW
Outer runner diameter Dext 0.2888 m
Hub diameter (inner) Dint 0.112 m
Runner length L 0.125 m
Nose cone (ogive) length Log 0.0715 m

Figure 6. Schematic representation of the Sulci axial turbine assembly.

The numerical simulations encompassed the entire turbine domain. For mesh gen-
eration, Ansys Meshing was used for the stationary components, while TurboGrid was
employed specifically to discretize the guide vane and runner regions. Within the rotor
domain, local refinement was applied at the leading and trailing edges of the blades; a high
nodal density was maintained in these regions to accurately capture geometric curvature
and resolve steep pressure and velocity gradients.

The finalized computational grid comprised 12,904,645 nodes and 15,920,892 elements,
consisting of a hybrid arrangement of 3,187,060 tetrahedra and 12,280,000 hexahedra. To
satisfy the requirements of the SST turbulence model, the near-wall resolution was carefully
controlled, resulting in an average y+ value of 2.48 across the rotor surfaces.

To verify spatial accuracy, a mesh independence study was performed using four
distinct grids with increasing levels of refinement. This sensitivity analysis was conducted
at a fixed operating condition, focusing on established quality metrics and the convergence
of primary variables. Figure 7 illustrates the global mesh topology.
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Figure 7. Details of the computational mesh utilized in this study, highlighting the higher refinement
within the stator and runner regions.

The results of the convergence study are presented in Table 6, which compares the
predicted shaft power (Ps) with the experimental reference value (Pre f ). Mesh 3 was
selected for subsequent analyses, as it provided the optimal compromise between numerical
accuracy and computational cost, with a relative error of only 2.58%.

Table 6. Mesh independence study at (H = 3.307 m).

Mesh No. Ps (kW) Pe f (kW) Relative Variation (%) (Ps/Pe f )

1 7.407 — 6.01%
2 7.643 7.881 3.03%
3 7.678 — 2.58%
4 7.683 — 2.52%

Following discretization of the computational domains, boundary conditions were
defined within the ANSYS CFX environment to initialize the numerical solver. These speci-
fications included inlet and outlet conditions, no-slip wall constraints, and the definition of
frame-change interfaces (stator-rotor) between stationary and rotating components.

4.2. Air Injection Setup

To model the mitigation of hydro-abrasive erosion via aerodynamic cushioning and
reduce surface wear, a strategic air injection mechanism was implemented by introducing
a localized secondary gaseous phase into the continuous hydrodynamic domain. The air
inlet was positioned upstream of the runner blades, targeting critical transition zones where
local static pressure is most likely to fall below the water saturation threshold. By intro-
ducing a controlled gaseous mass flow rate at this entry point, the numerical framework
evaluates how local fluid density and void fraction distributions alter the cavitation incep-
tion velocity. This pre-runner air admission modifies the multi-component flow topology,
cushioning micro-scale shockwaves generated during transient vapor cavity collapse while
also influencing carrier phase velocity triangles that govern sediment transport. In this
phase of the study, the air-injection system is represented as a mathematical point source,
and its spatial coordinates and implementation are illustrated in Figure 8. To provide an
absolute spatial reference, the origin of the computational coordinate system (0, 0, 0) is
located at the center of the turbine rotor. Relative to this reference, the injection point is
located at (x, y, z) = (0, 0.065,−0.05) m, marked in red and defined without the need for
physical surface faces. The injection vector is prescribed to be strictly axial and aligned
with the local bulk flow velocity to ensure consistent momentum transfer between phases.
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Furthermore, the injected air is modeled under standard atmospheric conditions at 25 ◦C,
with a constant density of 1.185 kg/m3 and a dynamic viscosity of 1.831 × 10−5 Pa · s. This
modeling strategy was adopted to evaluate mitigation effectiveness while avoiding the
high computational costs, geometric complexity, and numerical instability often associated
with face-integrated injection schemes through blade surfaces.

The inlet air volume fraction (IAVF) is typically defined as a ratio of volumetric
discharge, expressed as follows [20]:

IAVF =
q

QBEP
(16)

where q denotes the gaseous volume flow rate (kg/s), and QBEP is the turbine discharge in
the operating regime, corresponding to 286kg/s. Accordingly, Table 7 provides a structured
summary of the complete set of operational parameters utilized.

Figure 8. The spatial location of the air injection point source within the runner domain, presented in
three orthogonal views. The precise coordinate of the air admission is highlighted by the red marker
located at (x, y, z) = (0, 0.065,−0.05) m relative to the rotor center.

Table 7. Mass flow rate specifications for the simulated air injection scenarios.

IAVF q (kg/s) QBEP (kg/s) q/QBEP

IAVF 0 no injection – –
IAVF 1 1.850 × 10−6 286 6.47 × 10−9

IAVF 2 1.850 × 10−5 286 6.47 × 10−8

IAVF 3 5.500 × 10−5 286 1.92 × 10−7

IAVF 4 1.850 × 10−4 286 6.47 × 10−7

IAVF 5 1.850 × 10−3 286 6.47 × 10−6

5. Results and Discussion
5.1. Validation at Nominal Conditions

The accuracy of the numerical model was assessed by evaluating deviations between
the computational results and experimental measurements recorded during bench test-
ing. While the simulation successfully captured torque trends and the fundamental fluid
dynamics within the turbine, this comparison is essential to confirm the precision of the
numerical approach.

To visualize this correlation, power output was plotted as a function of rotational
speed (P × n), enabling a comprehensive assessment of turbine performance across its
operational envelope. As shown in Figure 9, the analysis focuses on a net head of
3.307 mwc to ensure consistency between the numerical and experimental environments.
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The global statistical validation of the hydrodynamic power curve was conducted
by normalizing the absolute residuals against the maximum operating power (Pmax). As
summarized in Table 8, the numerical framework demonstrates predictive accuracy across
the full operational range. The normalized Mean Absolute Error (MAE) and Root Mean
Square Error (RMSE) are limited to low single-digit values of 1.80% and 2.35%, respectively.
Furthermore, the peak local discrepancy (maximum local deviation) reaches 4.58%. Com-
bined with a global average relative error of 1.92% and a coefficient of determination (R2)
indicating that the numerical reproduces 95.93% of the experimental power variance, these
indicators confirm the reliability of the hydrodynamic model.

Figure 9. Comparison of power output (P) versus rotational speed (rpm) between CFD and experi-
mental data at 3.307 mwc, with experimental datasets obtained from Souza [30].

Table 8. Global statistical validation metrics and normalized error indices for the turbine power
performance curve.

Statistical Metric/Index Value (%) Turbomachinery Reference Scale

Normalized Mean Absolute Error (MAE) 1.80% Scaled by maximum operating power (Pmax)
Normalized Root Mean Square Error (RMSE) 2.35% Scaled by maximum operating power (Pmax)
Global Average Relative Error 1.92% Integrated point-to-point discrepancy
Maximum Local Deviation 4.58% Peak localized relative error
Coefficient of Determination (R2) 95.93% Explained performance variance capacity

Furthermore, Figure 10 presents a cross-sectional view of the velocity fields within the
runner domain, providing insight into internal hydrodynamic behavior across the blades.
The velocity magnitude contours reveal progressive flow acceleration within the inter-blade
channels, driven by geometric restriction and energy transfer to the shaft. High-velocity
gradients are well-resolved near the blade surfaces, particularly along the suction side,
which correlates with localized static pressure reduction that triggers cavitation onset.
Conversely, localized deceleration zones and low-velocity wakes are observed immediately
downstream of the trailing edges. This wake development highlights the presence of shear
layers and minor flow separation, characteristic of the three-dimensional flow topology
governing this axial microturbine configuration under operating conditions.
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Figure 10. Velocity field in the rotor of the turbine.

5.2. Validation in the Cavitation Region

To align the numerical study with the experimental data, the simulation focused on an
operating condition characterized by a cavitation coefficient of σ = 1.141. This parameter
serves as a benchmark for evaluating the impact of phase change on turbine performance.
The dimensionless coefficient was calculated following the analytical framework proposed
by [31], defined in Equation (17):

σ =
Psuc − Pv

ρgH
(17)

where Psuc represents the static pressure at the suction side, Pv is the saturation vapor
pressure (3169 Pa), ρ is the fluid density, g denotes the gravitational acceleration, and H is
the operating head.

The numerical results obtained for this operating point show strong agreement with
the experimental measurements, confirming the reliability of the modeling approach and
its ability to replicate cavitating flow conditions. The comparative data for this validation
case are presented in Table 9.

Table 9. Comparison between experimental and numerical results for the cavitation validation case
(σ = 1.141).

Parameter Experimental Numerical Relative Error (%)

Power (kW) 9.28 kw 8.95 3.6
Efficiency (%) 78.50 81.44 3.7

To evaluate the predictive capability of the multiphase framework, localized hydro-
dynamic patterns and phase transitions were investigated. Figure 11 visualize cavitation
inception regions alongside the surface streamlines projected onto the blade geometry. The
numerical solution captures the development of low-pressure cores near the blade leading
edge, where vapor volume fraction contours define the boundaries of cavitation inception.
By overlaying surface streamlines, the model reveals a complex topology dominated by
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vortical structures and recirculation zones. Although these local flow topologies provide
a quantitative representation of the simulated physics, their validity is supported by the
macro-scale validation data reported in Table 9. The agreement between the CFD predic-
tions and experimental measurements for operating power (P), hydraulic efficiency (η),
and the Thoma cavitation parameter (σ) provides the quantitative basis supporting the
observed local flow behavior. Therefore, the adherence of computed streamlines to blade
curvature and the development of detached vapor structures indicate that both the SST
turbulence model and Rayleigh–Plesset cavitation kinetics are consistent with the verified
operating conditions of the runner.

Figure 11. Visualization of cavitation inception regions and surface streamlines projected onto the
blade geometry.

5.3. Influence of Cavitation on Particle Region

To investigate the combined influence of cavitation inception and sediment transport
on runner surface degradation, two operating scenarios were evaluated. The first defines
a non-cavitating baseline at a high cavitation coefficient (σ = 2.5), whereas the second
represents a cavitating condition at a lower coefficient (σ = 1.15). The numerical parameters
governing these cases are detailed in Table 10. In this context, the multiphase cavitating
regime (σ = 1.15) corresponds to a rotational speed of 900 rpm, with an inlet total pressure
of 31,299.0 Pa and an outlet mass flow rate of 229.0 kg/s. Conversely, the non-cavitating
baseline (σ = 2.5) is maintained at higher rotational speed of 1404 rpm, with an inlet total
pressure of 34,289.7 Pa and an outlet mass flow rate of 302.48 kg/s.

The spatial distribution and evolution of vapor volume fraction under both operat-
ing conditions are illustrated in Figure 12, showing the multi change phase phenomena
near critical surface regions. Quantitatively, the vapor distribution exhibits a global av-
erage volume fraction of 5.98 × 10−4, while the localized phase change reaches a max-
imum of 6.60 × 10−1 within low-pressure cores. Complementing this hydrodynamic
mapping, the corresponding erosion and material removal contours are presented in
Figure 13. The integrated mass loss varies with rotational speed; the global average wear
intensity decreases from Erosion Ratemean = 2.110 × 10−8 kg · m−2 · s−1 at 9.00 rpm to
Erosion Ratemean = 1.914 × 10−8 kg · m−2 · s−1 at 1.404 rpm, indicating that particle trajec-
tories and impact dynamics depend on the velocity field.
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Table 10. Boundary conditions for the evaluated alternative operational scenarios.

Boundary Condition Operational Values

Rotational speed 900 rpm 1404 rpm
Inlet condition (Total Pressure) 31, 299.0 Pa 34, 289.7 Pa
Outlet condition (Mass Flow Rate) 229.0 kg/s 302.48 kg/s

Figure 12. Visualization of cavitation inception and vapor distribution under the two analyzed
operational conditions: 900 rpm scenario (left) and 1404 rpm scenario (right).

Figure 13. Overall view of the runner blade wear distribution for the 900 rpm and 1404 rpm
operational scenarios.

The numerical contours show that vapor volume fractions are concentrated along the
suction side of the runner blades, consistent with localized low-pressure regions in this area.
Conversely, sediment-induced wear is predominantly localized on the pressure side of the
blades. This distribution aligns with hydrodynamic trajectories of the dispersed phase, as
sand particles impinge on the concave surface under inertial and centrifugal forces. When
evaluating total structural degradation, both mechanisms are considered together, meaning
that the erosion footprint expands across the blade geometry. This combined wear behavior
results in simultaneous material removal on both sides of the blade: cavitation-induced
pitting on the suction side and particle abrasion on the pressure side, shown in Figure 14.
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Figure 14. Cavitation wear (left) on the blade suction side and erosion wear (right) on the blade
pressure side.

A comparison of the erosion distribution at 900 rpm (left) and 1404 rpm (right) is
shown in Figure 15. Although both scenarios exhibit a similar wear footprint on the
pressure side, the absolute erosion rate is strongly influenced by the rotor angular velocity
and mechanical loading. At 900 rpm, the turbine operates at a higher torque of 63.11 Nm,
compared to 51.63 Nm at 1404 rpm. This higher torque reflects increased blade loading
under altered velocity triangles, which increases the flow incidence angle and alters flow
development. Consequently, this shift increases the particle residence time and expand the
primary impingement region near the mid-span. At 1404 rpm, the lower torque corresponds
to more streamlined inlet conditions, resulting in reduced erosion for this operating case.

Interestingly, the numerical results indicate that the low-speed scenario (900 rpm)
exhibits a slightly higher erosion depth than the high-speed baseline. From a fluid dynamics
perspective, it remains unclear whether this difference is primarily driven by macroscopic
operating conditions namely, reduced volumetric flow rate and altered velocity triangles at
900 rpm or indirect effects associated with the special structure of the cavitation cloud on
the opposite blade surface.

Figure 15. Erosion wear distribution under different operational conditions: 900 rpm scenario
(left) and 1404 rpm scenario (right).

It should be explicitly stated that the present numerical framework does not directly
resolve transient micro-scale interactions between cavitation bubble collapse and particle
impacts. Because this study represents an initial phase of a broader parametric investigation
involving four coupled phases, a one-way fluid–solid coupling approach was adopted to
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manage computational cost and ensure numerical convergence. This formulation isolates
macro-scale particle deflection under varying cavitation numbers while filtering highly
localized transient phenomena such as micro-jets and shockwaves generated during vapor
collapse, whick may otherwise alter sediment trajectories within the boundary layer. Con-
sequently, the cavitation cloud does not significantly alter the primary trajectory or impact
velocities on the pressure side; therefore, the reported trends reflect largely independent
wear mechanisms. While the stability of these trajectories suggests adequate statistical
sampling within the Lagrangian framework, extension to a fully coupled transient model
an important direction for future work.

5.4. Strategic Air Injection for Mitigating Solid Particle Erosion

To establish a baseline for the mitigation analysis, the solid sand phase (ṁs = 0.2431 kg/s)
was introduced into the high-flow operating regime (ṁw = 286.0 kg/s). This sediment load-
ing increases the shaft power to Pshaft = 11, 166.6 W and raises the total pressure drop to
∆p = 47, 108 Pa, defined as the difference in total pressure between the inlet and outlet regions
of the computational domain. This increase directly reflects the higher hydraulic loading on the
runner blades. Consequently, hydraulic efficiency decreases slightly to η = 0.8263 compared
with the clean-flow baseline. Hereafter referred to as the erosion reference, this configuration
serves as the benchmark against which all subsequent air-injection scenarios are evaluated,
forming the basis for all erosion reduction indices reported in the following. For completeness,
the operational parameters governing this reference case are detailed in Table 11.

Table 11. Summary of simulated cases: inlet mass flow rates and global performance parameters.

Case ṁs Psha f t Phyd η ∆P
(kg/s) (W) (W) (–) (Pa)

IAVF 0 0.24310 11,166.60 13,513.40 0.8263 47,108.00
IAVF 1 0.24310 11,165.60 13,531.10 0.8252 47,170.70
IAVF 2 0.24310 11,164.30 13,529.10 0.8252 47,165.90
IAVF 3 0.24310 11,161.60 13,525.60 0.8252 47,158.90
IAVF 4 0.24310 11,149.60 13,476.30 0.8275 46,994.30
IAVF 5 0.24310 10,993.00 13,310.80 0.8259 46,656.50

The erosion rate density distribution on the runner blade surface is highly localized.
Out of 122,000 surface nodes exported from CFD after processing, non-zero erosion values
are detected at 491 nodes (approximately 0.40% of the total surface area) for the erosion
reference case. This strong spatial concentration indicates that solid particle impingement
is confined to a narrow peripheral region near the blade outer radius on the pressure
side, where centrifugal acceleration drives sand phase outward and increases their normal
impact velocity.

The localized impacts and macroscopic trends of sediment-induced damage across
the evaluated mitigation scenarios are analyzed using spatial and integrated metrics. The
spatial distribution of the erosion rate density (ERD) is shown in Figure 16, illustrating
how the extent of the abrasive footprint responds to varying air admission levels. Quan-
titatively, the first injection configuration (Figure 16 left) yields a global integrated wear
intensity of Erosion Ratemean = 2.40 × 10−11 kg · m−2 · s−1, with degradation concentrated
near the blade-hub junctions. Conversely, the second scenario (Figure 16 right) demon-
strates the effect of enhanced aerodynamic shielding; a larger volumetric air fraction
provides coverage over the hydrodynamic lifting surfaces, acting as a buffer that reduces
particle impacts. Consequently, this cushioning effect reduces the global mass loss indi-
cator by approximately one order of magnitude, resulting in an average wear intensity of
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Erosion Ratemean = 1.10 × 10−12 kg · m−2 · s−1 and indicating the development of more
targeted aeration.

Figure 16. Sand erosion rate density on the runner blade surface for all simulated cases: IAVF 0
(left) and IAVF 2 (right).

To quantify net mitigation effectiveness, Figure 17 presents the integrated total erosion
rate (Ėtotal) per case, obtained by summing the product of the local ERD and node area
over all blade surface nodes. Interestingly, the comparison reveals a strongly non-linear
relationship between air injection volume and total material removal. Low air mass flow
rates (IAVF 1 to IAVF 3) initially increase Ėtotal relative to the reference case. Optimal
mitigation is achieved at the intermediate injection rate (IAVF 2), where global wear returns
to the baseline level. Conversely, a further increase to IAVF 5 leads to a sharp increase
in the integrated erosion rate, as shown on the logarithmic vertical axis. This behavior
indicates that although strategic air admission can cushion particle impingement, excessive
gas volumes likely increase the local carrier phase velocity or alter particle trajectories,
thereby concentrating sediment impacts along pressure side boundaries.

Figure 17. Integrated total erosion rate by case, obtained by summing the product of local ERD and
node area over all blades surface nodes.

The global aerodynamic effects of strategic air admission on turbine performance are
quantified through shaft power variations, as shown in Figure 18. For low injection vol-
umes (IAVF 2), the absolute reduction in shaft power relative to the erosion reference case
remains below 0.05%, while the corresponding variation in hydraulic efficiency does not
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exceed −0.14%. These deviations fall within the numerical uncertainty of the multiphase
CFD framework, indicating that low air injection levels do not meaningfully compromise
the machine’s the hydrodynamic conversion capability. As the admission rate increases
to (IAVF 4), the shaft power deficit reaches a minor threshold of −0.152%, which remains
negligible in engineering terms. Conversely, at the highest injection rate (IAVF 5), corre-
sponding to an inlet void fraction of 5.3 × 10−3, the mechanical shaft power decreases
by −1.55%, marking the only scenario in which aerodynamic performance deegradation
becomes practically relevant.

Figure 18. Shaft power Pshaft as a function of IAVF. The horizontal dashed line marks the erosion
reference, IAVF 0 (ṁair = 0).

Figure 19 illustrates the spatial distribution of the air fraction on the blade surfaces. In
the first configuration (Figure 19 left), the gaseous phase remains localized near the injection
coordinate, resulting in an integrated global rotor average of αair,mean = 5.00 × 10−9. In
contrast, the second scenario (Figure 19 right) promotes a spatial expansion along the
surface. Although the maximum local peak remains unchanged due to the contour scale
limit, the broader distribution and phase transport toward the adjacent lower blade raise
the cumulative volume, increasing the global average to αair,mean = 1.60 × 10−8. This
indicates that the second configuration produces a more distributed fluid shield over the
lifting surfaces.

Figure 19. Air volume fraction distribution on the runner blade surface for IAVF 2 (left) and
IAVF 5 (right).
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Across all scenarios, the gaseous phase remains concentrated near the hub region
(inner radius). This behavior results from two coupled mechanisms: the localized injection
configuration (Figure 8), which introduces air directly at the hub radius, and centrifugal
buoyancy effects in rotating frame, which prevent lighter bubbles from migrating outward.
Furthermore, as each runner blade passes the discrete injection location, it is intermittently
exposed to the jet. Consequently, air remains confined near the hub region, whereas denser
sand particles migrate toward the outer radius under centrifugal forces.

Because of this phase separation, the air film does not directly overlap the erosion
hot spot at the outer radius. Instead, mitigation occurs through alteration of the flow field
within the inter-blade passage. At low injection rates, this perturbation produces a slight
reduction in the particle impact flux at the outer radius. However, at higher injection rates,
air accumulation near the hub increases, altering the velocity and pressure distributions
across the entire passage. With increasing discharge, this distortion increases both normal
impact velocity and particle flux at the outer radius, accounting for the increase in peak
ERD and total erosion. A multi-nozzle configuration (e.g., four symmetrically distributed
injectors) may offer improved phase uniformity compared with a single point source.

Figure 20 illustrates the spatial distribution of both phases along the normalized
blade span. The outer 20% of the blade span (0.8 ≤ r∗ ≤ 1.0) accounts for more than
91% of the cumulative erosion intensity, reflecting a sharp increase in wear due to the
elevated relative velocity near the blade tip, rather than a uniform radial distribution. In
plot (a) the cumulative ERD fraction for the reference case; highlight a strong concentration
of damage within the outer span region. All air-injection scenarios follow a similar spatial
trend, shifting downward in magnitude without altering peak wear locations or radial
distribution patterns. Complementarily, plot (b) shows the mean air void fraction across the
normalized span for all five injection scenarios on a logarithmic scale. The results indicate
that the air phase remains largely confined to the hub region (r∗ < 0.2), defined based on
the inner runner geometry. For injection rates up to IAVF4, this confinement is maintained.
However, the highest injection rate (IAVF5, dashed line) induces radial migration toward
the mid-span, indicating a transition in the flow regime at elevated void fractions.

Figure 20. Radial distributions along the normalized blade span r∗ = (R − Rhub)/(Rtip − Rhub).
(a) Percentage of total cumulative erosion rate density (ERD) for the reference case, and (b) mean air
void fraction per radial bin for all five injection cases presented on a logarithmic scale.

The numerical results show that no simple proportional relationship exists between air
admission volumes and the resulting erosion reduction; instead, the mitigation performance
is non-linear, with an optimum at IAVF 2 followed by rapid deterioration at higher injection
levels. Beyond this threshold, excessive air accelerates material removal due to flow-field
distortion, indicating a critical limit for stable operation. Within this framework, the optimal
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scenario (IAVF 2) yields mitigation indices of ξsum = 0.95% for average integrated wear
reduction and ξmax = 6.17% for maximum localized wear reduction. These results confirm
that measurable reductions in both global and localized degradation are achievable through
strategic air injection. However, further parametric investigations across a wider range of
operating conditions and runner geometries are required to identify configurations with
greater erosion reduction potential.

To contextualize these results relative to numerical uncertainty, the localized mitiga-
tion trend are considered alongside the grid and particle-tracking sensitivities. The mesh
discretization error acts as a systematic bias across all cases because the mesh and numer-
ical schemes remain identical; therefore, relative comparisons are independent of mesh
resolution uncertainty. Additionally, particle-tracking sensitivity tests show erosion-rate
variations of less than ±0.1%, confirming that stochastic noise in the Lagrangian model is
smaller than the reported mitigation effects. From an engineering perspective, achieving a
6.17% reduction in peak wear at the blade leading edges using a non-invasive upstream
air injection configuration demonstrates practical potential as an alternative to costly rotor
modifications, validating the practical relevance of this initial framework.

To contextualize the practical impact of the proposed mitigation technique on asset
management, standard industrial inspection and overhaul schedules for hydraulic turbines
operating in sediment-laden flows [32] were considered. Routine inspections and localized
assessments are typically performed every 1 to 2 years, particularly to monitor critical
regions, such as the blade leading edges where the 6.17% reduction was observed. Major
overhauls and surface restoration, which are typically scheduled every 5 to 7 years under
baseline conditions, may be extended. By introducing upstream air injection to continu-
ously modify particle trajectories, the accumulation of localized micro-damage is reduced.
Consequently, the interval for major runner refurbishment may be extended to 8 to 10 years,
reducing downtime and long-term maintenance costs.

6. Conclusions
This study presented a numerical investigation into the complex degradation mecha-

nisms caused by cavitation and solid-particle erosion in a low-head axial microturbine. By
using a Computational Fluid Dynamics (CFD) framework within ANSYS CFX, coupled
with the SST turbulence model and Rayleigh–Plesset cavitation kinetics, it was possible
to replicate hydrodynamic performance and map the spatial distribution of surface wear.
The numerical framework was validated against external experimental datasets from the
literature, using power and efficiency benchmarks from Souza (1989) [30] and wear rates
from Mansouri (2015) [29].

The spatial mapping of material degradation reveals a distinct asymmetric footprint
governing each wear phenomenon across the runner blade geometry, featuring an outer
diameter of 0.2888 m, an inner diameter of 0.112 m, a length of 0.125 m, and a nose cone
length of 0.0715 m. Vapor volume fraction contours indicate that cavitation inception
and bubble development are predominantly concentrated along the suction side of the
blades, driven by localized severe low-pressure fields. Conversely, solid particle erosion,
quantified using the Lagrangian framework and the Finnie model, is localized on the
pressure side and casing components, consistent with particle trajectories that impinge on
concave boundaries under inertial and centrifugal forces. Furthermore, spatial analysis
along the normalized blade span demonstrates that erosion is not uniformly distributed
but is heavily concentrated within the outer 20% of the span (0.8 ≤ r∗ ≤ 1.0), an interval
that accounts for more than 91% of the total cumulative erosion intensity due to the steep
increase in relative velocity near the blade tip.
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The parametric analysis conducted under different operational scenarios provided
insight into the macroscopic-hydrodynamic coupling of the system. While the total material
damage is intensified by the simultaneous action of cavitation on the suction side and
particle abrasion on the pressure side, isolated evaluation of sediment-induced wear rates
indicates that maximum erosion depths remain in close agreement between the cavitating
(σ = 1.15) and non-cavitating (σ = 2.5) baselines. Within the current numerical framework,
this stability suggests that the macroscopic structure of the cavitation cloud on one face does
not significantly alter the primary trajectories or velocity magnitude profiles of dispersed
sand particles on the opposing face. However, the slightly higher erosion depth observed
in the low-speed scenario (900 rpm) underscores the strong influence of altered velocity
triangles and reduced discharge volumes on localized particle impingement mechanics.

Ultimately, the evaluation of strategic air injection represents a significant advance-
ment toward a simplified solution for erosion reduction. In this stage of the research,
it is represented as a discrete mathematical point source located at the coordinates
(x, y, z) = (0, 0.065,−0.05) m relative to the rotor center. This modeling strategy proved
highly efficient, enabling tracking of phase distribution while avoiding the prohibitive
computational cost and numerical instabilities inherent in face-integrated injection schemes.

The radial profiles demonstrate that all air-injection scenarios follow a similar qualita-
tive trend to the reference case, shifting erosion curves downward in magnitude without
altering the overall trajectory or peak wear locations. The results show that the air film
remains predominantly confined to the inner hub region (r∗ < 0.2), a threshold defined by
the geometric architecture of the inner runner. However, the peak injection rate (IAVF5)
triggers radial migration toward the mid-span. The numerical results confirm a non-
linear relationship between air admission and wear reduction, with the optimal case
(IAVF2) yielding mitigation indices of ξsum = 0.95% for integrated wear reduction and
ξmax = 6.17% for localized wear reduction, demonstrating that a measurable decrease in
degradation is achievable.

However, there remains scope to further improve and refine this technique, defining
the next milestones for continuation of this research. Future work will focus on optimizing
both injector positions and the total number of injection points, as well as exploring periph-
eral air admission via the casing, given that hydro-abrasive erosion is heavily concentrated
at the outer blade extremities (r∗ ≥ 0.8). Methodologically, the next phase of the project
will transition from steady-state evaluations to fully transient multiphase simulations to
capture the dynamic behavior of vortex structures and transient vapor-cavity collapse.
Additionally, a fully coupled Eulerian–Lagrangian coupling framework will be imple-
mented to assess how the secondary gaseous phase alters the local continuous velocity
field and directly influences sediment particle trajectories. Finally, although this mitigation
strategy was evaluated on a small bench-scale axial microturbine, it provides a mathemat-
ically grounded framework that can be scaled and tested in larger installations, such as
low-head bulb turbines, where greater geometric flexibility allows improved placement
of injection nozzles.

Author Contributions: J.G.C.: Supervision, conceptualization, writing – review and editing; R.d.A.:
Conceptualization, methodology, investigation, data curation, formal analysis, writing; H.C.W.:
Conceptualization, methodology, investigation, data curation, formal analysis, writing—original
draft; A.L.A.M.: Supervision, methodology, validation, writing—review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Council for Scientific and Technological Development
(grant no. 408034/2022-0).

https://doi.org/10.3390/pr14132218

https://doi.org/10.3390/pr14132218


Processes 2026, 14, 2218 25 of 27

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to thank the Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPQ) for supporting this research through the CNPq/MCTI/FNDCT
Nº 25/2022 project 408034/2022-0. The authors would like to express their gratitude to Zulcy de
Souza and the Federal University of Itajubá (UNIFEI) for kindly providing the experimental data
utilized for the validation of this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

Parameter/Variable Name Variable/Symbol [Unit]
Air injection source coordinates (x, y, z)inj [m]
Injection direction vector −
Turbine hydraulic head H [m]
Local gravitational acceleration g [m/s2]
Rotational speed N [rpm]
Maximum operating power baseline Pmax [kW]
Fluid domain thermal baseline T [C] (◦C)
Mixture density ρm [kg/m3]
Mixture dynamic viscosity µm [Pa·s]
Mass-averaged velocity vector vm [m/s]
Phase drift velocity vector vdr,k [m/s]
Static/local pressure p [Pa]
Liquid phase volume fraction αl

Liquid phase density (water) ρl [kg/m3]
Liquid phase dynamic viscosity µl [Pa·s]
Air volume fraction αa

Air density at standard atmosphere ρair [kg/m3]
Air dynamic viscosity µair [Pa·s]
Vapor volume fraction αv

Vapor phase density ρv [kg/m3]
Vapor saturation pressure pv [Pa]
Nucleation site volume fraction αnuc

Liquid-vapor surface tension coefficient σ [N/m]
Vaporization empirical coefficient Fe

Condensation empirical coefficient Fc

Spherical vapor bubble radius RB [m]
Solid particle tracking count −
Nominal sediment diameter dp [µm]
Solid particle density (sand) ρp [kg/m3]
Sediment inlet concentration Cs [g/L]
Characteristic rotor diameter D [m]
Stokes number Stk
Particle velocity vector up [m/s]
Particle impact velocity magnitude vp [m/s]
Particle impingement angle γ [rad] (◦)
Finnie velocity power exponent n
Target material erosion constant (steel) k
Normalized Mean Absolute Error MAE
Normalized Root Mean Square Error RMSE
Global Average Relative Error −
Maximum Local Deviation −
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Coefficient of Determination R2

Air fraction average α

Integrated erosion rate average Erosion Rate [kg·m−2·s−1]
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