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A B S T R A C T

The use of Computational Fluid Dynamics (CFD) techniques for predicting wear of materials in sediment-
laden environments has been well established for long time. CFD simulations provide distributed information
at the local scale, and, unlike laboratory testing, do not suffer from limitations in size and complexity of
the components to be investigated. Meantime, the multi-scale and multi-physics nature of the wear processes
entails approximations, simplifications and assumptions in the simulation models, which results in errors and
uncertainties. The proper identification and management of the sources of uncertainty in CFD-based wear
prediction is a key direction of our research, with the goal of providing guidelines to guarantee that a
simulation set up is capable to fulfill the specific engineering requirements. Under high-head, Pelton turbines
will suffer serious abrasive erosion after continuous operation, posing a threat to safety and stability of the
unit. The water-air-sediments multiphase flow and the periodic rotation of the runner must be accounted for
to numerically predict the erosion behavior of Pelton turbines, and the complexity of the system produces
significant uncertainties. The proper handling of such complexity is necessary to obtain accurate predictions
and, even earlier, make the simulations practically feasible. In this work, we will compare different strategies
for the estimation of wear in Pelton turbine buckets. Specifically, we will assess the engineering effectiveness
of three different set ups, consisting of a single fixed bucket, a single rotating bucket, and three subsequent
rotating buckets. We will focus on both the quality of the information that each set up can provide, and also
their computational burden, to provide readers with criteria to choose the most effective option, depending
on their specific needs. We will focus our attention not only on the erosion output variables, but also on the
flow and sediment dynamic related parameters which mostly affect wear.
1. Introduction

Sustainable development in hydropower, including the improved
use of existing plants and the optimized design of new ones, cannot
ignore the durability issues caused by the hydro-abrasive wear of
turbines working in sediment-laden environments [1].

Understanding and handling hydraulic turbine wear requires sophis-
ticated modeling. Numerical simulations based on Computational Fluid
Dynamics (CFD) offer valuable insights, overcoming the limitations
of field data and laboratory experiments, ultimately enhancing tur-
bine lifespan and reducing operational costs [2]. However, CFD shows
challenges due to the complexity of simulating hydro-abrasive wear,
necessitating three key tasks for effective engineering application: (i)
accurately modeling the sediment-laden flow; (ii) accurately modeling
the material removal from the interactions between the sediments and
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the target geometry; (iii) numerically solving the associated mathemat-
ical models. The multi-scale and multi-physics nature of hydro-abrasive
wear complicates the fully physically-based simulation, leading to the
use of simplified, computationally affordable models instead of directly
solving for the laws of fluid dynamics and fracture mechanics.

For task (i), the low sediment concentration in many hydro-abrasive
wear processes enables the use of point-particle, one-way coupled,
RANS-based Eulerian-Lagrangian models. Within this framework, the
carrier fluid flow is simulated without sediments using a RANS formula-
tion, either stationary or transient, necessitating appropriate turbulence
models for the Reynolds stress tensor, including a near-wall treat-
ment. The sediment trajectories are calculated through the Lagrangian
equations of motion, assuming sediments as point sources of momen-
tum. This approach requires the sediments to be significantly smaller
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Wear 570 (2025) 205954 
than the Eulerian cells, leading to the introduction of force models to
apture the relevant hydrodynamic actions, with particle turbulence

models accounting for the effect of the unresolved instantaneous fluid
velocities.

When sediments hit a wall boundary, the position of the impact, the
ediment impact velocity, 𝑣s,imp, and the sediment impact angle, 𝜃s,imp,

are stored. Turning this information into an estimate of the material
removal produced by the impingement is the challenging task that
we referred to as (ii). Leguizamón and co-workers [2–5] obtained this
information from the physically-based simulation of the impact process,
but the high computational cost was a limiting factor of this approach.
As a more practical alternative, single-particle erosion models relate
the impact erosion ratio, 𝐸s,imp, that is, the amount of mass removed
by the impact divided by the mass of the impinging sediment, to 𝑣s,imp,
𝜃s,imp, and other properties of the sediment and of the target wall.
Single-particle erosion models are large in number and heterogeneous
in nature [6], but their weak or fully absent physical basis make
heir reliability uncertain outside the calibration conditions. Even the

other approaches that have been reported in the literature, such as
mechanistic models, e.g. [7], or formulas obtained from combined CFD-
experimental results, e.g. [8], basically suffer from the same limitation,
making us convinced that defining the best erosion model remains
he key unresolved question for engineering based wear calculations.
owever, this paper prioritizes the analysis of uncertainties specific to
ydro-turbines, using appropriate strategies to reduce the influence of
he choice of the erosion model.

Finally, task (iii) relates with the numerical solution of the fluid
ynamic and erosion models. Although commercial CFD codes make
ngineering wear simulations user friendly, complex geometries like
ydro-turbines pose convergence challenges that require appropriate
eometry manipulation, mesh generation, solution initialization, and
olution settings, coping with the need to keep the computational
urden within acceptable limits. Evidence of these challenges will be
iven in the manuscript.

The three tasks above produce uncertainty in the numerical solu-
tion. Following [9], we distinguished between numerical sources of
uncertainty, arising from the numerical solution of the mathematical
models, and modeling sources of uncertainty, produced by the approxi-

ations in the physical models. Hence, task (iii) relates with the control
f the numerical uncertainty, whereas tasks (i) and (ii) are relevant to
he control of the modeling uncertainty. Although these concepts apply
o every hydro-abrasive wear calculations, some challenges are specific
o the simulated geometry. In this paper, the interest is on Pelton tur-

bines, which are widely used on medium to high head hydropower sites
nd are vulnerable to hydro–abrasive wear in many parts, specifically

nozzle, needle and buckets [10]. As a continuation of a previous study
ocused on the wear of the nozzle-needle system [11], we directed
ur attention towards the buckets, where the main additional difficulty
rises from the simulation of the rotation of the runner.

Specifically, we investigated if and how the wear predictions of
elton turbine buckets are affected by the modeling of the rotation
f the impeller. We compared three different set ups, namely, a sta-
ionary model with a single fixed bucket, and two transient models
esolving the rotation of a single bucket and of three adjacent buck-
ts, respectively. We looked at the erosion estimates as a product of
ediment-wall impact characteristics, with the goal of determining if
omplex modeling justifies its higher computational cost over simple
onfigurations.

The reminder of this paper is divided in six sections, followed by
the conclusions. In Section 2, we discuss the methods used for the sim-
lation of Pelton buckets in operation, based on a literature review. In
ection 3, we illustrate the mathematical models for the simulation of

the sediment-laden flow and for the calculation of erosion. In Section 4,
we describe the test case used for the validation of the simulations.
In Sections 5 and 6, we present the three set ups and the obtained
results, respectively. Finally, in Section 7, we compare the solutions
rom different perspectives, pointing out strengths and limitations of

the conclusions reached.
 i

2 
2. State-of-the-art review

Different strategies for the CFD-based modeling of hydro-abrasive
wear of Pelton buckets have been documented in the literature. A
significant reference is the already mentioned PhD thesis of Sebastián
Leguizamón, defended at EPFL in 2018 [2]. The thesis was focused
on the development of an innovative, physically-based approach to
the prediction of the material removal produced by sediment-wall
impingements, and its target application was the erosive wear of Pelton
turbines. Leguizamón analyzed the impact of a sediment-laden water
jet against a flat surface [3], a 2D profile representative of the shape
of a Pelton turbine bucket, and a 3D Pelton bucket geometry [4]. In
all cases, the target wall was fixed, whilst a subsequent investigation
concerned a rotating runner with three buckets [5]. The simulations of
Leguizamón and co-workers were carried out using an in-house code
ased on the Finite Volume Particle Method (FVPM) framework for
he calculation of the air–water flow. Hence, no computational mesh

needed to be defined, and the rotating bucket was represented as a set
f particles with imposed properties and movement. The trajectories
f the sediments were calculated using the one-way coupled Discrete

Particle Method (DPM). Guo et al. [12] and Xiao et al. [13] used the
Ansys Fluent code and employed the Volume of Fluid (VOF) method to
simulate the air–water flow, plus the one-way coupled Discrete Particle
Method (DPM) for predicting the motion of the sediments. The CFD
domain included three rotating buckets and one injector (out of 4
and 19 in the prototype turbine tested experimentally) and symmetry
was exploited by simulating only half of the system. No information
regarding the turbulence model used was found in the Refs. [12,13]
and, in [13], the authors specified that the erosion model was one
of the empirical formulas developed at the E/CRC at the University
of Tulsa [14]. The papers provide detailed analysis of the sediment
rajectories within the rotating bucket, with a focus on the sediment-
all impingement characteristics and their implication on erosion. Also
uang et al. [15] used the Ansys Fluent code, but they simulated the

entire runner with 21 buckets and 6 nozzles. The authors employed the
VOF with the 𝑘-𝜔 SST turbulence model and the two-way coupled DPM
to simulate the three-phase, water–air-sediment flow. They investigated
the flow characteristics and the local concentration of the sediments
on the buckets and within the nozzle to explain the erosive behavior.
The wear predictions were obtained using a default erosion model
formulation embedded in Ansys Fluent, reporting good agreement with
measured data from a real hydropower station. Finally, Han et al. [16,
17] resolved with great detail the entire impeller with 23 blades and the
istributor tube with 6 nozzles. They used non standard computational
echniques to make the simulation process more efficient. Specifically,

in [16], they modeled the motion of the sediments in the Eulerian
framework, analyzing the impact of changing the sediment size on
the distribution of different sediment-related variables over the bucket
surface. In [17], they used a one-way coupled DPM model to calculate
the trajectories of the sediments, and the erosion model by Finnie [18]
to evaluate the wear losses. However, the motion of the runner was not
resolved explicitly, but through a sequence of steady-state runs with
the runner in a different angular position. Table 1 summarizes the key
aspects of the CFD set ups in the aforementioned studies.

Previous investigations were quite different in scope. Leguizamón
t al. [2–5] were mainly interested in testing the new erosion modeling
pproach over different cases, approaching the Pelton turbine appli-
ation. Conversely, [12,13,15–17] were not primarily focused on the
evelopment of new simulation methods, but the authors employed

quite well established modeling approaches and performed massive
alculations to obtain application-relevant information. However, no
xhaustive discussion was made around the computational burden of
hese calculations, that even the intuition suggests to be very high,
ence a limiting factor from an engineering standpoint. As a way to
ake the simulations computationally feasible, simplifications might

e made to the machine domain. However, it is unclear what is the
ctual impact of such simplifications, by considering both the gain in
erms of computational cost and the quality of the solution — and this

s the research question at the basis of the present paper.
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Table 1
CFD code and modeling settings in previous investigations.

Reference Code Air-water flow
model

Turbulence
model

Sediment flow
model

Erosion model Machine
domain

Time
dependency

Guo et al. [12] Ansys Fluent VOF Undefined DPM (1-way
coupling)

Undefined 3 buckets
1 nozzle
symmetry

Transient

Han et al. [16] Ansys CFX VOF 𝑘-𝜀 RNG Eulerian No wear
predictions

23 buckets
6 nozzles
distributor tube

Transient

Han et al. [17] Undefined VOF 𝑘-𝜀 RNG Eulerian Finnie [18] 23 buckets
6 nozzles
distributor tube

Quasi-steady

Huang et al. [15] Ansys Fluent VOF 𝑘-𝜔 SST DPM (2-way
coupling)

Default
formulation
in Ansys Fluent

21 buckets
6 nozzles

Transient

Leguizamon et al. [2,4] in-house code FVPM 𝑘-𝜀 standard DPM (1-way
coupling)

Multi-scale
approach

1 bucket
1 nozzle

Steady

Leguizamon et al. [2,5] in-house code FVPM 𝑘-𝜀 standard DPM (1-way
coupling)

Multi-scale
approach

3 buckets
1 nozzle

Transient

Xiao et al. [13] Ansys Fluent VOF Undefined DPM (1-way
coupling)

E/CRC as in
[14]

3 buckets
1 nozzle
symmetry

Transient
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3. Mathematical models

Given the low particle concentration in this study (less than 1%), the
effects of particle–particle interactions and particle–fluid interactions
could be neglected [9]. Hence, the simulations were carried out using
the VOF to predict the air–water flow, plus the one-way coupled DPM
to track the movement of the sediments and their impacts against the
bucket surface, a common approach in previous works (Table 1).

3.1. Flow simulation model

The advantage of the VOF multiphase flow model over other two-
phase models, e.g. Eulerian–Eulerian models, lies in the reduced com-
utational burden, owing to the neglect of inter-phase slip, thus allow-
ng different phases to share flow field parameters, such as velocity,
ressure, and turbulent variables. In the VOF method, a fluid volume

fraction variable 𝛼 is introduced to represent the distribution of water
nd air phases within the computational domain, so that 𝛼 = 0 and 𝛼 =

1 indicate cells entirely occupied by air and water, respectively. This
allow calculating space–time variable fields of density and viscosity, as
follows,

𝜌f = 𝛼 𝜌w + (1 − 𝛼) 𝜌a (1)

𝜇f = 𝛼 𝜇w + (1 − 𝛼)𝜇a (2)

where 𝜌 and 𝜇 denote density and viscosity, whereas the subscripts ‘‘f’’,
‘‘w’’, and ‘‘a’’ stand for ‘‘fluid’’, ‘‘water’’, and ‘‘air’’, respectively.

The U-RANS based formulation of the VOF employed in the present
study consists of the following main equations
𝜕 𝜌f
𝜕 𝑡 + ∇ ⋅ (𝜌f𝑉f ) = 0 (3)

𝜕 𝜌f𝑉f
𝜕 𝑡 +∇ ⋅ (𝜌f𝑉f𝑉f ) = −∇𝑃f+ (4)

+ ∇ ⋅
[

(

𝜇f + 𝜇t
f
)

(

∇𝑉f + ∇𝑉 +
f

)]

+ 𝜌f𝑔 + 𝐹𝜎

𝜕 𝛼
𝜕 𝑡 + ∇ ⋅ (𝑉f𝛼) = 0 (5)

which are the mass conservation equation, the momentum conservation
quation, and the transport equation for 𝛼. Both water and air are
ssumed incompressible, hence the densities and the viscosities of the
ndividual phases are constant; conversely, 𝜌f and 𝜇f change in space
nd time following the variation of the volume fraction, according to
qs. (1) and (2). The symbol ‘‘+’’ in Eq. (4) indicate the transpose
3 
operator. The other symbols in Eqs. (3) to (5) are as follows: 𝑡 is the
time, 𝑉f is the mean velocity vector of the fluid, 𝑃f is the mean pressure
f the fluid, 𝑔 is the gravitational acceleration vector, 𝜇t

f is the eddy
iscosity of the fluid, and 𝐹𝜎 accounts for the effect of surface tension.
he eddy viscosity was obtained through the SST 𝑘 − 𝜔 turbulence
odel, particularly well-suited for the numerical simulation of Pelton

urbines [19,20]. The complete formulation of the SST 𝑘−𝜔 turbulence
model embedded in Ansys Fluent, as well as the expression for 𝐹𝜎 , can
e found in the Theory Guide of the code [21].

3.2. Sediment-tracking model

The Lagrangian equations of motion for each sediment, core of the
PM approach, solved in the present study are as follows

𝑚s
d𝑣S
d𝑡∗

= 𝑊s𝑔
(

𝜌s − 𝜌f
)

+ 𝐹d + 𝐹p (6)

d𝑟S
d𝑡∗

= 𝑣S (7)

where 𝑟 and 𝑣 are the instantaneous position and velocity vectors,
respectively, whereas 𝜌s, 𝑚s, and 𝑊s are the density, the mass, and
the volume of the sediment. The right hand side of Eq. (6) are the
orces acting on the sediment, namely, the net balance of gravity and
uoyancy, the drag force, and the pressure gradient force. The drag
orce is calculated as

𝐹d =
1
2
𝜌f𝐴s𝐶d|𝑣f − 𝑣S|

(

𝑣f − 𝑣S
)

(8)

where 𝐴s is the projected are of the sediment, 𝐶d is the drag coefficient,
nd 𝑣f is the instantaneous velocity of the fluid at sediment position.
he drag coefficient is obtained through the correlation of Haider and
evenspiel [22], accounting for the non-spherical shape of the sediment
hrough a particle spherical coefficient, 𝜙. The pressure gradient force
s calculated as

𝐹p = −𝑊s∇𝑃f (9)

It shall be noted that, although Eq. (8) requires the instantaneous fluid
elocity at sediment position, only the mean value at the cell centers
s calculated through the VOF equations. A Lagrangian sediment tur-
ulence model, and specifically, the random walk model with default
ettings in Ansys Fluent, was employed to get the necessary information
o close the system of Lagrangian equations.

The need to save computational resources justified adopting two
well established computational practices. Firstly, the parcel approach
was adopted, which consists in performing the tracking of the trajec-
tories for a certain number of computational sediments, or ‘‘parcels’’,
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which is much smaller than the actual number of physical sediments.
Hence, the calculated velocities and positions refer to the parcels, and
that is the reason why the capital letter ‘‘S’’ is used as a subscript for 𝑣
and 𝑟 in Eqs. (6) to (8) (whereas ‘‘s’’ denotes the physical sediment).
Secondly, steady-state sediment tracking was performed even in the
transient simulations. This means that the fluid flow field at a given
instant is frozen, and the trajectories are calculated by numerically
solving Eqs. (6) and (7) for all parcels. Hence, the time used for the
integration of the Lagrangian equations of motion, 𝑡∗ is not the physical
variable, but a mathematical artefact. In steady-state tracking with
parcel approach, each parcel trajectory is associated a mass flow rate,
̇ S. Under the one-way coupling approximation, the value of 𝑚̇S does

not appear explicitly in Eqs. (6) and (7), but it is dictated by the number
of calculated trajectories.

3.3. Erosion model

As it has already been mentioned in Section 1, single particle erosion
models are algebraic formulas which express the impact erosion ratio,
𝐸s,imp, to the sediment impact velocity, 𝑣s,imp, the sediment impact
angle, 𝜃s,imp, plus a number of other properties. Due to its simplicity
and widespread use, we employed the erosion model proposed in the
Recommended Practice 0501 by Det Norske Veritas [23], which, within
the steady-state parcel approach, reads as

𝐸̇S,imp = 𝑚̇S𝐾 𝑣𝑛S,imp𝐹 (𝜃S,imp) (10)

𝐹 (𝜃S,imp) =
8
∑

𝑖=1
(−1)𝑖+1𝐴𝑖

( 𝜃S,imp𝜋
180

)𝑖

(11)

where 𝐸̇S,imp is the erosive mass flow rate produced by the impinge-
ment of parcel ‘‘S’’ against the wall. In the DNV erosion model, the
parameters 𝐾 and 𝑛 are material constants, with 𝐾 = 2 ⋅ 10−9, 𝑛 =
2.6 for steel grades. The coefficients of the impact angle function, 𝐴𝑖
(i=1,2,. . . ,8) are recommended as 𝐴1 = 9.37, 𝐴2 = 42.295, 𝐴3 =
110.864, 𝐴4 = 175.804, 𝐴5 = 170.137, 𝐴6 = 98.398, 𝐴7 = 31.211,
𝐴8 = 4.170. It has been previously underlined that the appropriate
selection of the erosion model, as well as the values of its coefficients, is
a key yet challenging task. Previous works (e.g. [11]) have documented
that using one erosion model instead of another would have a strong
impact on the calculated amount of material removal, but only limited
influence on the predicted erosion pattern, nor on the comparative
evaluation of erosion in different conditions, as these quantities are
instead mostly affected by the fluid and sediment dynamics models. An
explanation for this effect might be found in [24], where it was shown
that, for commonly used erosion models with the form of Eq. (10),
the velocity exponents, 𝑛, and the shape of the impact angle function,
𝐹 (𝜃s,imp), are quite similar for the same target material, whereas the
values of 𝐾 might be largely different. Since the goal of our study was
to compare different CFD set ups by interpreting the wear results as
a consequence of the sediment-laden flow behavior, and not to obtain
quantitatively accurate estimates of the wear losses (in absolute terms),
the selection of the erosion model was not likely to represent a critical
issue.

4. Case study

As a starting point to develop our study, we considered the geometry
and flow settings of the single fixed bucket test in the PhD thesis of
Leguizamón [2].

Fig. 1 is a sketch of the simulated geometry. The bucket width
𝐵2 and the jet diameter 𝐷0 were identical to those in Leguizamón’s
thesis. However, other geometric design parameters (such as the outlet
edge angle of the bucket, splitter, and the geometric profile of the
bucket inner surface) were not entirely the same, as we did not have
at our disposal the geometry simulated by Leguizamón’s. The slight
different geometric profiles of the bucket inner surfaces may affect the
4 
Fig. 1. Geometry of the case study and relevant terminology.

Table 2
Key parameters of the case study.

Parameter Symbol Value Unit

Bucket width 𝐵2 0.375 m
Pitch diameter 𝐷1 1.089 m
Number of buckets 𝑛𝑏 18 –
Jet diameter 𝐷0 0.140 m
Jet length 𝐿𝑗 0.201 m

Jet velocity 𝑉jet 28.5 m/s
Rotational speed 𝜔 26.17 rad/s

Volume fraction of sediment 𝐶 0.1 %
Size of sediment 𝑑s 100 μm
Density of sediment 𝜌s 2600 kg/m3

Spherical coefficient 𝜙 0.76 –

Density of bucket 𝜌w 7750 kg/m3

sediment-wall impact characteristics and, hence, the erosion locations,
preventing a direct comparison with the estimates reported in the
thesis.

The bulk-mean velocity of the jet, 𝑉jet , equal to 28.5 m/s, was the
same as in Leguizamón. The sediments were taken as uniform in size
(with equivalent diameter, 𝑑s, equal to 100 μm) and shape (with particle
spherical coefficient, 𝜙, equal to 0.76); their density, 𝜌s, was taken
as 2600 kg/m3. The volume fraction of the sediments in the jet, 𝐶,
was 0.1%. As far as the material of the buckets is concerned, only the
surface roughness and the density came into play in our CFD set ups.
Specifically, the former parameter was assumed negligible, whereas the
latter was taken as 7750 kg/m3. The rotational speed of the runner, 𝜔,
was 26.17 rad/s. Table 2 summarizes the relevant settings of the case
study.

5. CFD set-ups and solution procedure

Here we will present the three methods for the modeling of the
erosion of the bucket. In the first one, the jet impinges against a single,
fixed bucket. The two others resolve the rotation of a single and three
buckets, respectively.

5.1. Single fixed bucket

The simulations did not involve resolve the rotation of the blade,
hence a steady state model was used. As in the thesis of Leguiza-
món [2], the distance between the outlet of the injector and the splitter
was 0.201 m, and its inclination angle was 80◦.

Figs. 2a, b show the computational domain and the boundary con-
ditions for this case study. The injector was not explicitly resolved, but
an inlet surface was placed at its exit, where a uniform velocity equal to
𝑉jet was applied, with turbulent intensity of 3.25% and turbulent length
scale of 0.03𝐷0. Additionally, 𝛼 was set to 1, meaning that air was
not allowed to enter the domain through the inlet. The bucket surface
was a solid, stationary wall with zero roughness. All other boundary
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Fig. 2. Features of the single fixed bucket set up: (a) domain geometry; (b) boundary
conditions; (c) overall view of the finest mesh; (d) detail of the finest mesh on an
intermediate plane.

surfaces were pressure outlets with null gauge pressure. The injection
of the sediments was made by randomly sampling the initial positions
and velocities over the inlet surface, applying a random perturbation
to the fluid velocity vector to mimic the effect of turbulent dispersion.
The mass flow rate was the same for all parcels, equal to

̇ S =

𝐶 𝜌s𝑉jet
(

𝜋 𝐷2
0

4

)

𝑁S
(12)

where 𝑁S is the number of parcels. If a sediment collides against the
bucket wall, the calculation of the trajectory is terminated and the three
components of the impact position vector, 𝑟S,imp, and of the impact
velocity vector, 𝑣S,imp, are stored in a .dpm file. Otherwise, the sediment
simply leaves the domain through the outlet boundary.

For the calculation of the VOF solution, the fluid domain was
discretized using a tetrahedral grid, refined in the most critical areas,
namely, the jet zone, the near-wall zone, and close to the area where
the jet leaves the bucket. As it will be further discussed in Section 7.1,
three different meshes were generated, with number of cells ranging
from 0.77 to 2.38 millions (exemplary views of the finest mesh are
given in 2c, d). The used flow simulation model requires setting the
value of air–water surface tension, 𝜎, which was taken as 0.0728 N/m.
The ‘‘Continuum Surface Force’’ model was selected to account for
surface tension. The water-air interface was modeled as sharp, which
is physically justified by the nature of the fluids involved, which do
not mix to form bubbles but instead maintain a distinct, minimally
mixed interface. Then, all numerical settings for fluid flow calculation
(solution algorithms, differencing schemes, relaxation settings, and
convergence control, etc.) and sediment tracking (integration method,
etc.) were the default ones in Ansys Fluent. The number of tracked
parcels, 𝑁S, was equal to 300’000 for all set ups, high enough to obtain
smooth wear maps.

An in-house MATLAB library was used for the calculation of erosion.
The library requires to discretize the target wall using a surface mesh.
From the .dpm file and the surface mesh, each impact is associated to
the centroid of the nearest surface element, and impact velocity, 𝑣S,imp
and impact angle, 𝜃S,imp are be evaluated. The erosive mass flow rates of
the individual impacts, 𝐸̇ , are then obtained by applying Eq. (10),
S,imp

5 
and the total eroded mass flow rate is calculated as

𝑀̇er oded =
∑

all impacts
𝐸̇S,imp ⋅ 𝑚̇S (13)

Specific routines allow obtaining the wear maps. The mass flow rate
of eroded material from each surface element, 𝐸̇el, is obtained by
summing up the contributions of the individual impacts occurring in
that element. The penetration rate of the element, that is, the loss of
thickness per unit time, is then calculated as

𝜂̇el =
𝐸̇el

𝐴t r i𝜌w
(14)

where 𝐴el is the surface area of the element, and 𝜌w is the density of the
target wall. As a final note, since 𝑀̇er oded and 𝜂̇el are time independent
in steady state calculations, the eroded mass and the local erosion
thickness at time 𝑡 are the product of these two parameters and 𝑡.

5.2. Single rotating bucket

In the single rotating bucket set up, the nozzle was fixed whereas the
movement of a single bucket was explicitly resolved; hence, a transient
simulation needed to be run. As shown in Fig. 3a, the domain was
divided in two zones, namely, a fixed stator and a rotor, which rotates
with angular velocity 𝜔. The physical time simulated corresponded to
a rotation of the bucket by 90◦, called 𝑇 , equal to 0.06 s at 𝜔 = 26.17
rad/s. The boundary conditions were the same as in the previous set
up, plus an interface condition enforced where the two zones met.

The solution of the transient VOF equations required defining the
computational meshes for stator and rotor; whereas the former was
fixed in time, the latter rotated rigidly with the zone itself. Similarly
to the previous set up, three different meshes were defined, consisting
of 1.85 to 4.45 million cells (including both stator and rotor). Represen-
tative pictures of the finest mesh are shown in Figs. 3b, c for the two
zones. The time step size was decided automatically by Ansys Fluent
through the ‘‘Adaptive’’ option, based on a Courant number of 2 and
starting from an initial value of 10−4 s. All other numerical settings
for fluid flow calculation are the default ones in Ansys Fluent, except
for the threshold value of the normalized residuals, which was set
to 1.15 ⋅ 10−4 as a compromise between accuracy and computational
feasibility. At 𝑡 = 0, pressure and velocity were set to zero, and 𝛼 was
zero as well, which means that the domain was initially full of air. The
initial position of the rotor zone was determined in such a way that the
jet was completely developed before hitting the bucket.

The steady-state tracking of the sediment trajectories was performed
every 0.006 s. At these times, the DPM calculations were made over the
frozen VOF solution. The initial conditions of the sediments, released
at the inlet boundary, were the same as in the previous fixed blade
case, including the number of parcels, equal to 300’000. The numerical
settings of sediment tracking were the default ones in Ansys Fluent. At
every DPM run, .dpm files were produced.

The previously developed MATLAB library was expanded to allow
performing the wear calculations in the pseudo-transient framework.
The procedure described in Section 5.1 for the steady state set up was
applied at each time 𝑡𝑖 in which sediment tracking was performed,
yielding the total eroded mass flow rates, 𝑀̇er oded,𝑖, and the local
penetration rates for every surface element, 𝜂̇el,𝑖. The only difference
compared with the stationary case was that, for improved physical
consistency and accuracy, the individual impact velocities were now
estimated by composing the impact velocity vectors in the .dpm files
with the linear velocity of rigid rotation of the bucket at the location
of the impacts. Finally, the eroded mass and the local erosion depth at
time 𝑡𝑖, referred to as 𝑀er oded,𝑖 and 𝜂el,𝑖, were calculated as

𝑀er oded,𝑖 =
𝑖

∑

𝑗=1
𝑀̇er oded,𝑗 ⋅ 𝛥𝑡 (15)

and

𝜂el,𝑖 =
𝑖

∑

𝑗=1
𝜂̇el,𝑗 ⋅ 𝛥𝑡 (16)
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Fig. 3. Features of the single moving bucket set up: (a) zones and interface; (b) overall view of the finest mesh for the stator zone, with a detail of the discretization of the inlet
surface; (c) overall view of the finest mesh for the rotor zone, with a detail of the discretization of the wall surface.
Fig. 4. Features of the three moving buckets set up: (a) zones and interface; (b) detail
of the finest mesh for the rotor zone.

5.3. Three rotating buckets

The third set up was mostly identical to the previous one, except for
the fact that the rotor zone included three subsequent buckets, as shown
in Fig. 4a. The wear predictions were inspected on the central bucket,
‘‘B’’, and the two other buckets, ‘‘A’’ and ‘‘C’’, mimic the influence of the
rest of the runner. To allow for a consistent comparison, the position
of bucket ‘‘B’’ during time was the same as for the single bucket set up.
The configuration of the domain, the type and position of boundary
conditions, and the solution procedures were basically the same as
described in Section 5.2. The discretization of the domain required a
higher number of cells compared to the single blade set up, due to the
need of discretizing three blades (Fig. 4b). The total number cells of the
three meshes ranged from 5.10 to 11.19 millions, including both stator
and rotor. The physical time simulated was increased to 𝑇 = 0.08 s,
corresponding to a rotation of the buckets by 120◦, to ensure complete
discharge of the water from bucket ‘‘B’’. The steady-state sediment
tracking was performed every 0.006 s.

6. Results

The results obtained on the three set ups are now presented, demon-
strating, firstly, the physical consistency of the CFD solution and,
afterwards, showing the sediment-wall impact characteristics and the
wear estimates. In all cases, the results are those obtained on the finest
meshes, and the considerations drawn hold basically for all meshes. As
anticipated, some discussion around mesh sensitivity will be given in
Section 7.1.
6 
6.1. Single fixed bucket

The calculated air–water flow field showed physical consistency in
the steady-state, single fixed bucket simulations. The water jet hits
the bucket on the splitter and discharges laterally afterwards. This is
clearly seen in Figs. 5a, b, which show the volume fraction of water
and the velocity magnitude of the air–water flow, normalized by the
jet velocity, 𝑉jet . As shown in the next Fig. 5c, which depicts some
representative trajectories out of the 300’000 calculated, the sediments
were dragged by the water flow and a fraction of them hit the bucket
in the outer part. The trajectories are colored by the sediment velocity
magnitude normalized by 𝑉jet . The similarity between the velocity of
the fluid (Fig. 5b) and that of the sediments (Fig. 5c) is not surprising,
owing to the small sediment size.

The map of the impacts, colored by impact velocity magnitude and
impact angle, are shown in Figs. 5d, e. The two figures further support
the intuition that can be derived from the previous plots, confirming
that the sediment-wall impacts mainly occurred in the outer portion
of the bucket. They also indicate that the impact velocities increased
moving towards the brim side, reaching values up to about 80% of
the jet velocity, whereas the impact angles remained very small, say,
smaller than 10◦, except for a few impingements close to the splitter
where they got as high as 30◦. How this information (position of the
impacts, impact velocities, and impact angles) combine to produce
erosive wear is seen in Fig. 5f. Specifically, the plot shows the erosion
depth at time 𝑇 , 𝜂𝑇 , normalized by the average value over the surface
elements where impacts occurred, called 𝜂r ef . Recall that 𝑇 = 0.06 s is
the time corresponding to a 90◦ rotation of the bucket. According to
the CFD model, erosion affected the region close to the bucket outlet
in a more or less uniform fashion, whilst the internal part of the bucket
surface preserved its integrity.

6.2. Single rotating bucket

Fig. 6 presents the evolution of the water volume fraction with
the second CFD set up, in which the rotation of a single bucket was
resolved. Specifically, the results are shown between 0.018 and 0.048
s since, after that time, no appreciable increase in wear was predicted.
The jet was already developed when it first reached the bucket, at
time around 0.024 s. After approaching the cutout, it moved along the
splitter spanning the entire bucket. The sediment trajectories (Fig. 7),
hence the sediment-wall impact characteristics (Figs. 8 and 9), followed
the temporal behavior of the jet. The temporal evolution of the erosion
depth is shown in Fig. 10, where values have been normalized by the
same 𝜂r ef of the previous set up. Yet at first glance, the solutions of
the single fixed blade and of the single rotating blade set ups look very
different from each other. A detail discussion of this finding, as well as
a fluid dynamic justification, will be given later in Section 7.3.
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Fig. 5. Results of the single fixed bucket set up: (a) volume fraction of water and (b) fluid velocity magnitude, normalized by the jet bulk velocity on two perpendicular planes; (c)
sample sediment trajectories colored by the sediment velocity magnitude, normalized by the jet bulk velocity; sediment-wall impacts colored by (d) the impact velocities divided
by the jet bulk velocity and (e) the impact angles; (f) resulting distribution of the normalized erosion depth.
Fig. 6. Results of the single rotating bucket set up: water volume fraction at six time instants when sediment tracking was also performed.
6.3. Three rotating buckets

The same post-processing treatments were applied to the last CFD
set up, in which three rotating blades were included within a transient,
moving-mesh framework. Specifically, Figs. 11 and 12 and analogous
to Figs. 6 and 7 for this new set up, and they show the volume fraction
of water and some representative sediment trajectories between 0.018
s and 0.048 s. The sediment-wall impingements at the six time instants
are shown in Figs. 13 and 14. As soon as the jet interacted with the
7 
central blade, the impact locations progressively moved from the cut-
out towards the center of the bucket. At t = 0.042 s, the jet started
interacting with the next blade ‘‘C’’ (Fig. 11e). The implication of such
interaction on the sediment motion and on the resulting hydro-abrasive
wear will be discussed in Section 7.3. The time evolution of the erosion
depth distribution is shown in Fig. 15: the CFD model predicted most
of the damage to occur in the central part of the buckets, with a
clear analogy with the single moving bucket solution, plus a few wear
streaks along the brim side close to the cut-out, which were mainly
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Fig. 7. Results of the single rotating bucket set up: steady state sediment trajectories, color by the parcel velocity normalized by the jet velocity, at six time instants.
Fig. 8. Results of the single rotating bucket set up: sediment-wall impacts colored by
the impact velocities, divided by the jet bulk velocity, at six time instants.
8 
Fig. 9. Results of the single rotating bucket set up: sediment-wall impacts colored by
the impact angles at six time instants.
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Fig. 10. Results of the single rotating bucket set up: normalized erosion depth
distribution at six time instants.

a consequence of the already mentioned deviation of the sediment
trajectories at t = 0.042 s.

7. Comparative discussion of the three set ups

The CFD solution obtained with the three set up are now critically
compared to assess their strengths and weaknesses in an engineering
context. Finally, the limitations of the present study are discussed to
set the starting point for future developments.

7.1. Mesh sensitivity

Controlling the numerical sources of uncertainty of the solution
required proving, among other factors, the adequacy of the mesh
and, in the case of transient simulation, also the time step size. As
anticipated, for each set up three different mesh levels were defined,
keeping the same layout qualitatively sketched in Figs. 2c, d, 3b, c and
4b, whilst changing the size of the cells. In the transient simulations,
the time step size was decided automatically by Ansys Fluent, based
on a constant Courant number equal to 2; hence, the finer the mesh,
the finer the time step size as well. Table 3 summarizes the number of
cells for all cases, and the corresponding simulation time in the used
workstation.

The complexity of the geometry and of the physical processes
involved in this simulations, hence their computational burden, cast
doubts on the opportunity to place too strict requirements on the
independence. Too small discretization errors would have required
extremely refined meshes and time steps, making the simulations not
practical or even unfeasible. Indeed, the grid sensitivity analyses re-
ported in previous papers on Pelton turbines referred to global target
variables, such as the efficiency of the turbine [12,15–17], the head
of the turbine [16], or the average impact velocity [12,13]. In this
9 
Table 3
Mesh settings and simulation times, using a workstation with AMD EPYC 7532-Core
Processor 2.40 GHz with 128 GB RAM, using 20 cores.

Set up Number of cells (millions) Simulation time (h)

Single fixed bucket
0.77 2
1.27 3
2.38 7

Single rotating bucket
1.85 28
2.50 43
4.45 69

Three rotating buckets
5.10 81
8.30 119
11.19 168

work, we made an extensive grid sensitivity study considering a large
number of target parameters, both global and local, and the full analysis
is reported in Spinosa [25]. The primary global target parameter was
the dimensionless mass removal at different times, 𝑀er oded,𝑡∕𝑀r ef . Its
sensitivity on the mesh is seen in Figs. 16a–c for the three set ups,
where the normalization factor, 𝑀r ef , was taken at the predicted mass
removal at 𝑇 = 0.06 s for the single rotating bucket set up and the finest
mesh. Note that, in the steady-state simulations (first set up, Fig. 16a),
the mass removal increased linearly with time, as the mass flow rate of
eroded material was constant. In transient simulations, the sensitivity
on the mesh was progressively enhanced. Although the final values of
𝑀er oded,𝑡∕𝑀r ef were not grid-independent in a strict sense (the medium
mesh results in Fig. 16c were regarded as an outlier deserving further
investigation), the discretization error did not affect the qualitative
behavior, nor the comparative relation between the three set ups. Not
surprisingly, local variables were more sensitive to the computational
mesh. As a representative example, Fig. 16d shows the normalized
erosion depth profile, 𝜂𝑇 ∕𝜂r ef , at 𝑇 = 0.06 s along a thin transversal
stripe passing through the center of the splitter, obtained with the single
moving bucket set up. The normalization factor 𝜂r ef was taken as the
stripe-average value of 𝜂𝑇 for the finest mesh. The example is relevant
as it highlights that, although visible differences were found between
the profiles (for instance, some peaks of the finest mesh solution are
enhanced), they all showed the same behavior in a coherent fashion.
By analyzing pros and cons, we concluded that testing finer meshes was
unnecessary to the scope of this paper.

7.2. Computational cost

The simulations were executed using a workstation with AMD EPYC
7532-Core Processor 2.40 GHz with 128 GB RAM, using 20 cores.
The last column of Table 3 indicates the calculation times for the
three set ups and the different meshes. Obviously, the duration of a
simulation depends on the code, on the numerical settings, on the type
of computer, on the number of cores. Although these values might not
be taken as an absolute, we believe that even a rough evaluation of the
time required to run a certain type of simulation could be an important
information to assess the actual applicability of a method. This is even
more important if one considers that practical CFD studies might not
involve a single run, but, very often, multi-run schemes finalized to
optimization. The times indicated in Table 3 clearly indicate that the
computational cost of the simulations performed with single fixed blade
set up was definitely much lower than those of the other two schemes:
these cases could be launched even on a standard computer, requiring
only a few hours run time. This low computational cost was mainly
due to the stationary solver, rather then to the smaller number of cells:
for instance, the single fixed bucket run on the fine mesh was about
6 times faster than the single moving bucket run on the intermediate
mesh, despite a similar number of cells. The transient simulations took
from about 1 day up to about 1 week of calculation time, depending
on the set up and on the number of cells. Resolving the rotation of
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Fig. 11. Results of the three rotating buckets set up: water volume fraction at the six time instants when sediment tracking was also performed.
Fig. 12. Results of the three rotating buckets set up: steady state sediment trajectories, colored by the parcel velocity normalized by the jet velocity, at six time instants.
three buckets instead of one required a larger number of cells, resulting
in approximately twice the calculation time. In conclusion, even with
the several modeling approximations made in this study, transient
simulations turned out to be computationally expensive. If these type of
models are being used in a professional context, massive computational
resources must be allocated.
10 
7.3. Wear estimates

The previous considerations stressed the importance of keeping the
model as simple as possible, whilst getting a useful answer. With this
perspective in mind, we assumed that the three rotating buckets set
up was the closest to reality among the three implemented. Taking its
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Fig. 13. Results of the three rotating buckets set up: sediment-wall impacts colored
by the impact velocities, divided by the jet bulk velocity, at six time instants.

Fig. 14. Results of the three rotating buckets set up: sediment-wall impacts colored
by the impact angles at six time instants.
11 
Fig. 15. Results of the three rotating buckets set up: normalized erosion depth
distribution at six time instants.

solution as the reference one, we tried to investigate whether and how
much information on the wear behavior of the buckets can be obtained
through the two further simplified set ups.

We are aware of our inability to guarantee the reliability of our wear
predictions in an absolute sense, as the mathematical formulation and
the value of the coefficients of the erosion model were not fine tuned
for a specific case. However, based on the considerations in Section 3.3,
the normalization of the wear estimates shall reduce the impact of the
erosion model, allowing for reliable comparative evaluations. In the
comparative analysis, we mainly focused on the predicted evolution
of the total mass removal and of the erosion pattern, that could
be obtained through CFD with a reasonable degree of fidelity. The
temporal evolution of the normalized eroded mass was analyzed by
referring to Fig. 17, which, for clarity, presents in the same plot the fine
mesh curves in Fig. 16a–c. The erosion pattern was primarily inferred
from the color plots of the normalized erosion depth (Figs. 5f, 10, 15),
which only allowed for a qualitative estimate of the parts of the blade
most vulnerable to erosion. In order to facilitate a more quantitative
comparison of the three set ups, we also extracted the normalized
erosion depth profiles along a thin stripe perpendicular to the splitter
(Fig. 18), located approximately half distance from the center of the
splitter to the cut-out, where erosion was particularly intense. It has
already been declared that the erosion depth profiles might have been
susceptible to numerical errors. Actually, abnormal peaks like those
exemplified in Fig. 16d do not appear in Fig. 18, which refers to a
different stripe location; however, inaccuracies can be inferred, for
instance, by the lack of symmetry in the profiles, making it necessary
to properly contextualize the results based on their quality.

The wear behaviors, and their differences among the set ups, were
interpreted based on fluid dynamic considerations, by referring to the
key sediment-related variables affecting erosion, namely, the impact
velocities, the impact angles, and the number and locations of the
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Fig. 16. Influence on the mesh on different wear-related variables, namely: (a, c, b) the evolution of normalized mass removal from the bucket using the three set ups, where
the normalization factor 𝑀r ef is the mass removal at 𝑇 = 0.06 s for the single rotating bucket set up; (d) the normalized erosion depth profile at 𝑇 = 0.06 s over a thin stripe
passing through the center of the bucket for the single rotating bucket set up. In plot (d), 𝑠 is the curvilinear abscissa along the stripe, 𝐵s is the length of the stripe, and 𝜂r ef is
the average value of 𝜂 along the stripe for the finest mesh.
Fig. 17. Time evolution of normalized mass removal from the buckets using the three
set ups.

impacts. In this regard, the scatter plots in Figs. 5d, e, 8 9, 13 14 allow
clearly identifying the zones with high impact density, but they are
mostly qualitative in nature. This information was then complemented
by Table 4, reporting the number of impacts of each sediment tracking
calculation, and Fig. 19, showing the estimated Probability Density
Functions (PDFs) of the impact velocities and the impact angles at
three relevant time instants. The PDFs in Fig. 19 were obtained from
12 
Table 4
Number of impacts at different times for the three set ups.

Time (s) Single fixed bucket Single rotating bucket Three rotating buckets

0.018

36’176

443 673
0.024 39’212 36’952
0.030 187’232 183’092
0.036 209’822 213’693
0.042 158’497 188’175
0.048 807 904

interpolation of the frequency histograms, with bins 0.1 and 5◦ for
𝑣S,imp∕𝑉jet and 𝜃S,imp, respectively. Clearly, the PDFs of the single fixed
bucket set up were the same at all times due to the stationary nature
of this framework.

It immediately appears that, although attractive in terms of com-
putational cost, the fixed bucket set up was not capable in providing
meaningful predictions of the wear experienced by a Pelton bucket
in operation. The steady-state set up predicted a linear increase of
erosion in time whereas transient models clearly indicated a non-linear
evolution, as evident in Fig. 17. Also from a quantitative standpoint, the
amount of mass removal predicted by the fixed blade set up was consid-
erably lower than the values obtained when the rotation of the bucket
was accounted for. This was a consequence of the different behaviors
of the sediment-laden flow, which affected the wear patterns. In the
stationary set up, the jet hitting the central part of the bucket pushed
the sediments laterally (Fig. 5c), hence, the majority of the impacts
occurred in the external part, close to the brim side, at relatively low
velocity and very low impact angles. This is clearly seen from the blue
PDFs in Fig. 19, which show that, for the single fixed bucket set up, the
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Fig. 18. Normalized erosion depth at different times over the thin stripe highlighted in red at the top of the figure. The normalization factor 𝜂r ef is the average value of 𝜂 along
the stripe for the three rotating buckets set up at the 𝑇 = 0.06 s. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
impact velocities were well below 𝑉jet , and the impact angles lower than
about 8◦. Additionally, the number of impacts was 36’176 (Table 4),
meaning that only about 12% of the 300’000 tracked sediments collided
against the bucket, whereas the remaining 88% simply escaped the
domain dragged by the fluid. Based on the above findings, there is little
surprise that the DNV erosion model predicted mild erosion damage,
with the pattern shown in Figs. 5f and 18.

A different picture was found for the single rotating blade set up. In
this case, the relative motion between the jet and the blade modified
the number and the location of impacts with time, which moved
progressively from the cut-out towards the inner brim (Figs. 8 and 9).
The eroded mass evolution in Fig. 17 and the erosion depth patterns in
Figs. 10 and 18 indicate that the most severe erosion occurred at times
0.030 s and 0.036 s. The physical explanation is quite straightforward
when looking at the sediment-wall impact characteristics. At those
time instants, in fact, the number of impacts was as high as about
13 
60% to 70% of the number of tracked sediments (Table 4), and the
impingements tended to occur at relatively high angles and velocities,
often well above the jet velocity (red PDFs in Fig. 19). Hence, these
impact conditions were very critical from the point of view of erosion,
explaining the more severe damage observed compared to the fixed
bucket set up (Fig. 10e and 5e).

Further considerations could be made by comparing the single
rotating bucket and the three rotating buckets set ups. Up to 𝑡 = 0.036
s, the solutions of the two set ups were pretty similar in terms of all key
wear-related variables, namely, the normalized erosion depth patterns
(Figs. 10a–d and 15a–d), the corresponding stripe-averaged profiles
(Fig. 18a–d), the location of the impacts (Figs. 8a–d and 13a–d), the
number of impacts (Table 4) and the PDFs of the impact velocities
and angles (Figs. 19a–d). This indicates the minor role played by the
previous bucket ‘‘C’’ on the sediment-wall and wear characteristics.
At 𝑡 = 0.042 s, the subsequent bucket ‘‘A’’ started interacting with
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Fig. 19. Estimated Probability Density Functions (PDFs) of impact velocities (divided by the jet velocity) and impact angles for the three set ups at times 0.030 s, 0.036 s, 0.042 s.
the jet, as it is clearly visible from the volume fraction contours (in
Fig. 11e). The change in the fluid dynamics of the water jet had an
effect on the sediment trajectories (Fig. 12e), hence on the sediment-
wall impact characteristics. The shading of bucket ‘‘C’’ is clearly visible
looking at the location of the impacts in Figs. 13e and 14e. However,
according to our runs, bucket ‘‘A’’ did not exert a protective action on
bucket ‘‘B’’ which reduced its exposure to erosion. On the contrary, the
interaction with bucket ‘‘A’’ deflected the sediment trajectories, causing
new impacts at higher velocity on the brim side of blade ‘‘B’’, which,
as already noticed, took the form of two well defined streaks. At 𝑡 =
0.042 s, the number of impacts was larger for the three rotating buckets
compared to the single rotating bucket one (Table 4). At the same
time, the PDFs of the sediment-wall impacts tended to shift towards
higher velocities (black and red curves in Fig. 19e) and smaller angles
(black and red curves in Fig. 19f). This produced a slightly higher wear
damage, as it can be inferred from the slope of the mass removal curves
between 0.042 s and 0.048 s (Fig. 17). At 𝑡 = 0.048 s and subsequent
times, no further increase in erosion was observed on blade ‘‘B’’ due to
the limited number of impacts (Table 4).

Hence, the inclusion of the subsequent bucket ‘‘A’’ in the CFD model
had an effect on the flow field, on the sediments’ trajectories, and on the
sediment-wall impact parameters mainly between 0.042 s and 0.048 s.
14 
The influence on the erosion pattern is mostly revealed by the blue
streaks at the bottom of Fig. 10e, f, but the overall wear behavior was
pretty similar for the two set ups. This result is of potential interest
from an engineering point of view, at it suggests that, except for
some localized details, the erosion characteristics of Pelton buckets
in a runner might be reasonably captured even by simulating just a
single rotating bucket, with significant reduction of computational cost
compared to more complex set ups with three or even more buckets.

7.4. Comparison with previous studies

For its nature, and without affecting its scope, this study does not
admit a quantitative experimental validation. Indeed, numerical and
field/experimental data on wear of Pelton buckets could be found in
the literature, but the lack of necessary information regarding geometry
and flow conditions did not allow their direct comparison against our
simulation results. Furthermore, our scope was to investigate the major
impact of simplifying the CFD set up on the predicted wear behavior,
with a constant look at the gain in terms of computational cost. In
principle, a throughout experimental validation of the CFD framework
and all individual sub-models (for air–water flow calculation, sediment



J. Sun et al.

t
S

t

a
t
t
c
a
q
b

w

b

i

s

r
d
c
d
b
s
c
a
e

e
w

u
p
w

a
e
n

Wear 570 (2025) 205954 
tracking, and wear estimation) would have produced the highest de-
gree of confidence, but was not strictly required for the sake of our
CFD versus CFD comparison. Instead, it was of utmost importance
to demonstrate the reliability of the comparative evaluation, showing
hat, being aware of the limitations of our models (discussed in the next
ection 7.5), the CFD results align with the state of the art. To this aim,

our terms of comparison were the studies reviewed in Section 2.
To the best of our knowledge, wear results for a fixed bucket set

up have been provided only in the PhD thesis of Leguizamón [2] and
he related article [4], which served as a source for the definition of

the case study. The pattern of the water jet, as well as the distribution
nd the order of magnitude of the sediment-wall impact velocities and
he sediment-wall impact angles (Figs. 5a, d, e) showed similarity with
hose in Figs. 12.2 and 12.3 of Leguizamón’s thesis [2], although, in our
alculations, the erosion of the splitter was not adequately captured. As
 result, the wear pattern reported by Leguizamón [2] in Fig. 12.5 was
ualitatively similar to that of our simulations in the outer part of the
uckets, but it showed a high erosion hotspot along the splitter that

we did not see. However, the radially-outward configuration of erosion
as a common trait of Leguizamón’s findings and ours.

In all studies in Table 1 using a transient model, at least three
buckets were simulated. The comparison with literature results was not
so straightforward, due to different geometric and fluid dynamic con-
ditions. Our distributions of sediment-wall impacts at different times
(Figs. 13 and 14) have some analogy with those in Fig. 8 of the paper
y Guo et al. [12]. In the central part of the bucket close to the cutout,

they were quite consistent with the maps in Fig. 8 of the paper of
Xiao et al. [13], although these authors predicted a large number of
mpacts to take place towards the inner brim, which were not captured

by our simulations probably due to the neglect of secondary impacts.
Also the particle impact maps provided by Leguizamón in Fig. 13.4
of his PhD thesis [2] had traits in common with ours close to the
cutout, but showed as peculiar feature a very high number of impacts
along the splitter, which was not captured in any other work. In
terms of the resulting erosion depth pattern, no definitive answer was
given in previous studies. As seen in Figs. 13.5 and 13.6 of his thesis,
Leguizamón predicted the most severe wear damage to occur along
the splitter, in the center of the buckets, and, to a lesser extent, along
the brim side. Instead, the predicted erosion maps in Fig. 11 of Guo
et al. [12] and in Fig. 7b of Xiao et al. [13] indicated strong wear along
the brim side close to the inner brim. Finally, Fig. 15 in the paper by
Han et al. [17] highlighted wear along two transversal layers from the
plitter to the brim side, towards the cut-out.

In summary, it appears that the Pelton bucket wear patterns obtain-
able through CFD simulations are very heterogeneous in nature. Note
that, in most of the cited literature, good agreement with field data was
eported, but typically the comparison was made based on pictures of
amaged buckets, or based on measured worn profiles with not fully
larified working conditions. Our predictions showed similarities and
ifferences with the findings of previous studies. The deviations might
e due to the approximations and the peculiar features of each CFD
et up, but also to the differences in terms of geometry and operating
onditions. It is important to remark that, in any case, the lack of
 definitive answer demands for further research for establishing an
ffective CFD framework.

Interestingly, we are not aware of previous attempts of predicting
rosion by simulating a single rotating bucket. Gautam et al. [26]
ell explained the choice of simulating three buckets in their air–

water simulating study, as a consequence of the assumption that the
interaction between the jet and the buckets took place for maximum
three buckets at a time, but no clear evidence was given about the
impact of simulating one single bucket on the quality of the solution.
Our study appears a novelty in this sense.
15 
7.5. Limitations of the present study

As a conclusion of this discussion, we dissect and contextualize some
limitations of the present study.

The most critical was that, in our simulations, the tracking of the
sediments was terminated once a collision against a solid wall occurs,
which implies that only the first sediment-wall impingements were
considered. Indeed, the literature suggested that the same sediment
might impinge against the bucket multiple times. Even if no exhaustive
investigation was carried out in this regard, preliminary runs performed
on the fixed bucket set up [25], and the impact maps reported by
Guo et al. [12] and Xiao et al. [13] using transient models, revealed
that sediment-wall impacts subsequent to the first could play a role
on the predicted wear pattern. Ansys Fluent is equipped with built-
in utilities to account for sediment-wall impacts, but their use in our
transient simulations was not straightforward. The interplay between
the transient flow field on such complex geometry, the near-wall mesh,
the numerical algorithms of sediment tracking in the proximity of the
walls, and the point-particle approximation caused many sediments
to continuously impact the same wall element, which was not only
nphysical but also produced so large output files that could not be
rocessed. Solving this issue will be the primary focus of our future
ork. However, we believe that accounting for multiple sediment-wall

impacts would modify the wear patterns to some extent, but it would
not change significantly the comparative evaluation of the three set ups,
hence the main potentially relevant finding of this study.

Another limitation arose from the use of a hybrid pseudo-transient
method, in which the air–water flow is simulated as unsteady whereas
the sediment tracking is performed in steady-state mode every 0.006 s,
over the frozen air–water flow field. This was a forced choice for rea-
sons of computational feasibility. Obviously, increasing the frequency
of steady-state sediment tracking, or even running a fully transient
simulation, with a small amount of sediments injected every fluid time
step, would have produced a smoother and more realistic evolution of
the wear process. However, the higher computational burden (simula-
tion time and output data size) would have been hardly accessible with
the resources at our disposal. Given the importance that we attribute
to affordability as an evaluation criterion, we decided to opt for a
computationally cheaper pseudo-transient strategy with 0.006 s time
lag between two subsequent sediment tracking operations. As already
mentioned, we paid attention to keeping the comparison between the
second and the third set ups consistent by enforcing that, at every time
step of sediment tracking, the rotational positions of the monitored
buckets were the same.

A third critical issue was the point-particle approximation in the La-
grangian sediment tracking. Most DPM models embedded in commer-
cial CFD codes assume the sediments to be point sources of momentum
during the tracking of their trajectories. However, such approximation
might result in inaccurate prediction of the sediment-impact character-
istics, hence of the wear behavior. A few years ago one of the authors of
this paper contributed to the development of a User-Defined Function
to approximately account for finite particle size effects in the evaluation
of the impact conditions [27] and its incorporation in the Pelton turbine
simulations is in our plans for the future. At the moment, the fact
that this approximation was made consistently for all set ups gave
confidence to the reliability of their comparison.

Also, the modeling of the erosion of the splitter was one of the
spects of concern. Our simulations predicted negligible or even absent
rosion of the splitter, which is well known to be a vulnerable compo-
ent of Pelton buckets. This might have been due to inaccuracies and

approximations in fluid flow calculation and sediment tracking, includ-
ing the already mentioned point-particle assumption. Nonetheless, it
must also be considered that, in our MATLAB library, wear is assumed
to develop normally to the local surface element. This kind of treatment
can result in inconsistencies close to corners or 1D geometric elements,

such as the splitter. Furthermore, the wear of the splitter is one of
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the events in which the modifications of the flow field induced by the
evolution of the eroding geometry might play a significant role, but
his effect was not considered in the present simulations. Accounting
or self-induced geometry changes within a complex Pelton bucket
ear simulation will be a challenging and demanding task for future

nvestigators.
Last, the choice of the erosion model. As discussed in Section 3.3,

we used the DNV erosion model (Eqs. (10) and (11)) because it is
one of the simplest available and because we expect that employing
a different model would not have changed significantly the normalized
erosion predictions, nor the comparative evaluation of the three set ups.
Nonetheless, especially in the fixed bucket set up, most sediment-wall
impacts occurred at impact angles below about 8◦ (Fig. 19). The DNV
rosion model and similar ones, in which the amount of wear tends to
ero at low impact angles, might not be suitable to accurately predict
he scratches caused by the sliding and rolling events of particles along
 wall. Hence, it is not unreasonable to expect that the difference in the
mount of wear between the fixed bucket set up and the transient ones
ight be reduced if an erosion model accounting for abrasion erosion

ffects were implemented.

8. Conclusions

In this study we compared three different set up for the numerical
rediction of hydro-abrasive wear of Pelton turbine buckets. All of them
elied on the well established scheme of performing the simulation of
he water-air flow field using the Volume of Fluid, followed by the
agrangian tracking of the sediment trajectories, and, finally, the wear
stimation using a single particle erosion model. The three set ups were
istinguished according to the way in which the rotation of the impeller
as accounted for. The first was a stationary set up to simulate the im-
ingement of the sediment-laden water jet on a single fixed bucket. In
he second one, the rotation of a single bucket was explicitly resolved.
n the last one, which was the closest to reality, two adjacent buckets
ere added to the domain, to account for their mutual interaction. The
uality of simulation results has been carefully assessed in terms of both
hysical consistency and numerical convergence, as well as through
he qualitative comparison with the state of the art. The limitations of
he used models were declared and contextualized, trying to minimize
heir impact on the comparative evaluation of the three set ups. The
ain conclusion reached was that, whereas the fixed blade setup failed

in providing a well representative picture of the wear behavior, both
ualitatively and quantitatively, the simulation of a single rotating
ucket gave broadly similar, yet not exactly equal, erosion predictions
s the three rotating buckets set up, with about half of the computation
ime. Given the high burden of these types of simulations, the single
otating bucket scheme could be an attractive option for engineering
urposes, and might be worthy of future research efforts.
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