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Hydro-abrasive erosion in Pelton turbine injectors: a
numerical study

Gianandrea Vittorio Messa*, Simone Mandelli, Stefano Malavasi
DICA, Politecinco di Milano, Piazza Leonardo da Vinci, 32 20133 Milano, Italy

Abstract

Numerical simulations were performed to investigate how the design and the
operation conditions of a Pelton turbine injector affect its vulnerability to hydro-
abrasive erosion, alongside with its flow control capacity. Use was made of a
Volume Of Fluid (VOF) model for simulating the free nozzle jet, a Lagrangian
particle tracking model for reproducing the trajectories of the silt particles, and
two erosion models for estimating the mass removal. The comparison against
earlier studies and the experimental evidence, integrated with a careful sensitivity
analysis, gave strength to the reliability of the numerical model. Nozzle seat and
needle were the injector components most vulnerable to erosion. As the valve was
closing, the erosion of the needle strongly increased, whilst that of the nozzle seat
remained broadly constant. The influence of the injector design was also explored,
suggesting that a reduction of the needle vertex angle is likely to enhance the
risk of erosive wear. Finally, it was found that the possibility to condense the

effects of the needle stroke and the needle vertex angle in a single parameter (i.e.
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the effective opening area) is no more allowed when hydro-abrasive erosion is
considered, thereby assessing the need for case-specific wear prediction analyses.
Keywords: Computational fluid dynamics; discharge coefficient; hydro-abrasive

erosion; Pelton turbine injector.

1. Introduction

In a Pelton turbine, the proper interaction between the water jet and the blades
is fundamental for the efficiency of the device. In this context, an important role
is played by the injector, which is used both for generating the high-speed jet
and regulating the flow rate. Particularly, a needle valve throttles the flow in the
injector, and the control of the flow is achieved by adjusting the needle stroke, s, in
the nozzle. Figure 1 shows the main geometrical parameters of the needle-nozzle
system, namely the constant aperture diameter of the nozzle, Dy, the needle vertex
angle, v, and the contraction angle of the nozzle seat, ;.

When investigating the regulation characteristics of the injector, is it a common
practice to make reference to the discharge coefficient, ¢ p,, which is defined as:

_ 4Qjet
PP nD3\2gH

where ;e is the water flow rate through the injector nozzle, ¢ is the modulus

(D

of the gravitational acceleration, and H is the net head at the injector entrance.
At a certain distance from the plane of the injector outlet, the jet has a minimum
area where all the streamlines are parallel. Such narrow section was referred to
as “waist section” by Zhang [1], who demonstrated that, under the assumption
that the head drop in the injector is negligible compared to H, ¢ p, represents the

ratio of the jet diameter in the waist section to the diameter of the nozzle aperture.
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The trend of ¢p, versus the dimensionless needle stroke, s/ D, is usually called
“injector characteristics”.

A certain number of studies were reported in the literature regarding the fluid
dynamic behavior of Pelton turbine injectors. With the exception of few studies
entirely based on physical experiments [1-3], most investigations relied, in part
or in full, on Computational Fluid Dynamics (CFD) simulations. For instance, in
their upgrading and refurbishment of the injector nozzles of a Pelton turbine for the
water power plant of Tillari in India, Vesely and Varner [4] assessed the effect of
the design modifications on the injector characteristics via CFD and experiments
on a prototype model. Koukouvinis et al. [S] proposed a numerical technique
based on Smoothed Particles Hydrodynamics (SPH) as a tool for injector design
based on the predicted inherent characteristic curve. Benzon et al. [6] employed
two commecial CFD codes to investigate the influence of the injector geometry
on its dissipation characteristics based on 2D axi-symmetric simulations, and
suggested two values of v, and 7,5 which reduce the energy consumption required
to produce a given flow rate. In a later study [7], the same researchers gave
strength to the obtained results by performing more complex 3D simulations of
the injector installed in Turgo and Pelton turbines. Jo et al. [8] combined CFD
and laboratory tests to assess the effect of the nozzle contraction angle upon the
discharge coefficient of the injector, the quality of the jet, and the overall Pelton
turbine efficiency. Zeng et al. [9] numerically investigated how the fluid dynamic
characteristics of the jet are affected by the elbow pipe upstream the device and the
inner ribs for different needle strokes. Finally, a result of considerable impact for
injector design was reported in Zhang’s book [1], and it consists in the possibility

to unify the influences of 7, and s/Dy on the discharge coefficient into a single
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parameter, called “effective opening area”. This variable is defined as the ratio

between the opening area, Ap, calculated as follows

Ap=m (1 — 2—;0 sin 2%) Dys sin vy, 2)

and the nozzle area, Ap, = 7D3 /4.

In hydro turbines, the presence of solid particles carried along with the flow is a
concern to engineers because, when the solids hit the turbine surface, they can pro-
duce material removal. This phenomenon, referred to as hydro-abrasive erosion, is
particularly significant in some world regions where the natural water is seasonally
rich in silt, which is difficult to remove [10]. The erosion by silt sediment could
have negative influence on the produced power due to the decay of the efficiency
and to the growth of extraordinary maintenance. In their reviews of hydro-abrasive
erosion of hydraulic turbines, Padhy and Saini [11] and Felix et al. [12] listed the
parts of Pelton components mainly affected by this phenomenon, namely needle
tips, seat rings and injector nozzles, runner buckets, jet deflector, protection roof
of injectors, casing, and grating below runner. However, the majority of the stud-
ies focused on the hydro-erosion of buckets. M.K. Padhy and R.P. Saini carried
out extensive research on this topic based on experiments on a small-scale Pelton
turbine. In a first work [13], they proposed an interpolatory formula for the mass
loss of Pelton buckets as a function of the silt concentration, the silt size, the jet
velocity, and the operating hours. Later [14], they correlated the erosion of Pelton
buckets to the efficiency reduction of the turbine, and developed another empirical
formula which, starting from the same input parameters, estimates directly the per-
centage efficiency loss. Finally [15], they discussed the main erosion mechanisms
occurring at various locations of Pelton buckets for different sizes of the abrasive

particles. Abgottspon et al. [16] investigated the erosion of Pelton buckets based

4
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on a case study of the Fieschertal hydropower plant, and concluded that the loss
of material and the reduction in efficiency correlate only to a minor degree with
the sediment load, whilst an important role is played by local conditions (such as
particle properties), the design characteristics, the mode of operation, and, very
important, the status of the runner at the beginning of the sediment season. A
series of measurements on two Pelton turbines in the Toss hydropower plant in
India, performed during the period May-October 2015, allowed Rai et al. [17] to
make a detailed analysis of hydro-abrasive erosion in Pelton buckets, identifying
five different erosion categories. During the same period, the authors constantly
monitored the sediments entering the turbine, observing that, whilst size and
concentration underwent significant variation, the shape of the grains remained
substantially unchanged. In another study, Rai et al. [18] developed a simplified
model for the estimation of the particle velocity and inclination angle relative to
the rotating Pelton buckets, which were identified as the key parameters affecting
erosion. The model was applied to a considerable number of real-case scenarios,
leading to recommendations for the design and operation of Pelton turbines in
order to reduce their vulnerability to hydro-abrasive wear. A similar approach was
followed by Zhang [1], who derived a simplified model to numerically track the
particle motion in the water-sheet flow within the Pelton buckets.

Fewer papers specifically concerned the hydro-abrasive erosion of the Pelton
injectors. Bajracharya et al. [10] investigated the erosion of the needles of the
Pelton turbines installed in the Chilime hydroelectric plant in Nepal, reporting
some photographs and wear profiles. The authors estimated the penetration rate
(that is, the rate at which the erosion depth increases) and the efficiency reduction

experienced by the turbines, and they suggested an interpretation of the needle
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erosion based on fluid dynamic considerations. The particularly severe erosion
of the needle was ascribed to the combined effects of hydro-abrasive erosion
and cavitation, which were supposed to be enhanced when the injector operated in
partial opening condition. Evidence of the synergistic effect of the two phenomena
in Pelton needle had been previously reported also by Thapa et al. [19] and
discussed in the review paper by Gohil and Saini [20]. Recently, Morales et
al. [21] estimated the erosion behavior of the needle at Chivor hydroelectric plant
in Colombia by measuring the evolution of its surface roughness, and developed
a setup to reproduce the phenomenon at the laboratory scale. The authors found
that, after an incubation period, a fast increase in roughness occurred, and the
enhancement in the mass removal was attributed to the fact that the hydro-abrasive
erosion promoted the onset of cavitation erosion.

Nowadays, CFD has high potential for the analysis of critical working con-
ditions in hydraulic machinery such as turbines and pumps, including cavitation,
solid particle erosion, and flow-induced noise (e.g. [22-24]). The numerical ap-
proach, in fact, allows attaining detailed information and it is substantially free
from several difficulties inherent in experimental and field testing. Particularly,
a well established methodology is available for CFD-based wear estimation, and
it consists of two steps in sequence [25]. First, the fluid-particle flow field is
simulated by means an Eulerian-Lagrangian two-phase model [26], in which the
fluid flow is represented in an Eulerian, cell-based framework, whilst the solid
phase is represented in a Lagrangian framework by following the trajectories of a
certain number of particles. Afterwards, a single-particle erosion model is applied
to estimate the loss of material produced by each particle-wall collision and, in

turn, the overall erosion of the walls.
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A single-particle erosion model is an algebraic equation relating the erosion
ratio of a particle-wall collision, E., (i.e. the ratio between the mass of material
removed, IW},, and the mass of the particle, m,,) as a function of several parameters,
including the modulus of the particle velocity at the impact stage, |V imp|, the
particle impingement angle, 6, ;.,, some particles-related quantities, such as its
shape and size, and some mechanical properties of the target material, such as its
hardness (Fig. 2). The effectiveness of single-particle erosion models arises from
their capability to correctly capture the physical processes associated with material
removal. In the case of ductile materials, the existence of two erosion mechanisms
has been established since pioneering works such as Bitter [27], where they were
called cutting wear and deformation wear. Cutting wear mainly occurs at low
impact angles, and it is associated with a shearing action. Deformation wear is
characteristic of high impact angles and, even if the basic physical process was not
agreed upon by researchers [28], an interpretation still shared attributes the mass
removal to repeated particle impacts causing plastic deformation, hardening, and
sub-surface cracking [29].

Several researchers, including Bitter [27, 30], Neilson and Gilchrist [31], Grant
and Tabakoff [28], Huang et al. [32], and Arabnejad et al. [29, 33], proposed
phenomenological erosion models that quantify the contributions from cutting
and deformation wear separately. These models provide intuitive appreciation of
the physical phenomena underlying erosion. At the same time, the wear estimates
appear sensitive on several material- or particle-related parameters which are very
difficult to quantify, and are usually calibrated from laboratory experiments in
which a high-velocity particle-laden jet impinges against a specimen at a certain

inclination angle (Fig. 3). In these tests, the carrier fluid is typically air, so that
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the particles follow straight lines and the particle impact angle is approximately
equal to the nozzle-to-specimen angle. Conversely, the particle impact velocities
are likely to be lower than the air jet velocity at the nozzle exit, and are generally
estimated by image techniques or CFD simulations.

Other erosion models can be classified as empirical, in the sense that they were
directly obtained by fitting the outcomes of the experimental tests sketched in Fig. 3
and do not have arigorous physical derivation. Itis noted that, generally, the form of
the mathematical expressions to be calibrated arises from physical considerations,
thereby making the boundary between phenomenological and empirical erosion
models not easily drawn. A common feature of empirical erosion models is that
the tuning constants are not given a precise physical characterization, but express
general concepts such as particle or material property. The wide applicability of
empirical erosion models, even in an engineering context, comes from the fact
that, typically, the predictive equations can be utilized for many materials and
any impact condition. On the other side, they allow limited understanding of
the material behavior itself. The models which will be employed in this study,
presented later in section 2.3, belong to the category of empirical erosion models.

For the sake of completeness, it is noted that alternatives to the traditional
single-particle erosion models have been reported in the literature. Lyczkowski
and Bouillard [34] discussed power and energy dissipation erosion models, which
interpret erosion as a result of the energy transferred from the solids to the eroding
surfaces. Recently, Leguizamon et al. [35] developed a multiscale model which
relies on the simulation of the sediment impact process at the sub-particle scale.
Finally, some new modeling approaches were proposed by the authors of this paper

to increase the applicability of CFD-based wear estimation methods [36-38].



191

192

193

194

195

197

198

199

200

201

202

203

204

205

207

208

209

210

211

212

213

214

215

Apart from these innovative efforts, the standard CFD-based methodology
previously described has been often applied to different types of turbines, and
the focus was usually on the erosion of the blades [39-48]. However, in the
extensive literature review carried out in this study, the authors did not find any
publication regarding the numerical investigation of the impact erosion in Pelton
turbine injectors other than a couple of papers by Zeng et al. [49, 50]. In [50], the
flow field of the free jet produced by the injector was analyzed, the trajectories of
50 pm size particles were tracked, and an empirical erosion model was used to
identify the areas of the needle-nozzle system most exposed to erosion. Following
the same approach, the effect of particle size was briefly explored in a previous
publication of the same researchers [49].

Purpose of the present paper was to contribute to the knowledge of hydro-
abrasive erosion in Pelton turbine injectors, and, particularly, the main focus was
on the use of the injector as flow control device. A systematic CFD study was
carried out to predict the loss of material caused by the impingements of silt
particles carried along with the flow over the entire travel rate of the needle and
for three different needle vertex angles, 7y, in order to establish the influence of
these geometrical and operation parameters on the erosion characteristics of the
device. The numerical results, discussed on the basis of the physical processes
underlying particle transport and hydro-abrasive erosion, showed consistency with
earlier studies and the experimental evidence. The remainder of the paper is
divided in three sections, followed by the conclusions. In section 2, details on the
mathematical model and the solution algorithm are provided. In section 3, the
key simulation parameters are reported, and the consistency and the reliability of

the numerical solution are assessed. Finally, in section 4, the obtained results are
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illustrated and discussed.

2. Mathematical model

The modeling approach used in the present study was analogous to that of
Zeng et al. [49, 50], except for the fact that a specific analysis of the influence of
the erosion model was here performed. The low mass loading considered in the
simulations (1%o), consistent with the values recorded during flood events [10],
enabled the hypothesis of one-way coupling regime, i.e. the assumption that the
fluid flow is not affected by the presence of the particles [S1]. This allowed
decoupling the determination of the regulation characteristics of the injector and
the estimation of wear due to silt particles. A Volume Of Fluid (VOF) multiphase
model was employed to reproduce the free water jet leaving the injector, in order
to provide a fluid-dynamic characterization of the device. The calculation of the
particle trajectories was then performed over the VOF predictions and, finally,

single-particle erosion models were employed to obtain the wear estimates.

2.1. The VOF model for the fluid-dynamic characterization of the injector

The free water jet in air produced by the injector was simulated by means of
the VOF multiphase model under steady-state flow conditions and treating both
phases as incompressible. No phase change was assumed for the water phase and,
therefore, the possible presence of cavitation regions was not accounted for. In the
VOF model, the water-air mixture is considered as a single fluid with properties

depending on the local volume fractions of the two phases, namely:

Y = Pyony + Va0 3)

10
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where 1, 1., and 1 are generic fluid dynamic properties (i.e. density, p, and
viscosity, 1) of the water phase, the air phase, and the water-air mixture, respec-
tively; o, and «, are the volume fractions of the water and air phases, respectively.
Reynolds averaged formulations of the fundamental conservation equations were

solved. The mass conservation equation for the mixture is
V- (pU) =0 4)

where U is the mean velocity vector of the mixture. The momentum conservation

equation for the mixture with the Boussinesq assumption is
V- (pUU) = -VP+V-[(u+w) (VU + VU] + pg (5)

where P is the mean pressure of the mixture, u is the eddy viscosity, and g is
the gravitational acceleration vector. Finally, in the VOF model, the tracking of
the interface between the gas and the liquid is accomplished by the solution of
a continuity equation for the gas volume fraction, which, under the assumptions
made (i.e. steady-state, incompressible two-phase flow without mass exchanges

between air and water), reduces to:
V-(a,U)=0 (0)

The volume fraction equation for the water phase was not solved explicitly, but a,

was obtained by the constrain
Qy + oy =1 (7

At the interface, identified by those cells in which 0 < «,, < 1, a force due to
the surface tension coefficient, F};, was added as a source term in the momentum

equation for the mixture (Eq. 5). F}, is given by
F, = o0kVa, (8)

11
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where o is the surface tension coefficient and « is the surface curvature, namely:

V oy
V|

=V C))

The eddy viscosity, 1, was evaluated by means of the realizable k£ — ¢ turbulence

model [52].

2.2. The Lagrangian particle tracking model

As already mentioned, owing to the “one-way coupling” regime assumption,
the Lagrangian tracking calculations were performed after the VOF simulation.
Following a common practice in particle tracking in order to keep the compu-
tational load within reasonable limits, the “parcel” approach was adopted. As
well documented in Crowe et al. [26], this approach relies on the identification
of groups of particles with identical characteristics (size, shape, density, velocity,
and position). Such groups are called “parcels” and, hereafter, will be denoted by
the subscript P, whereas the term “particle” and the subscript p will indicate the
physical grain. Trajectories were calculated for all parcels by solving the following

ordinary differential equations:

dx
dv 3 1
i = 1dy pyCeltior = vel (wap —vp) + - VPar (100

where: t is the Lagrangian calculation time; xp and vp are the instantaneous
position and velocity vectors of the current parcel, respectively; d,,, p,,, and Cy are
the size, the density, and the drag coefficient of the particles in the current parcel,
respectively; and the “@QP” subscript indicates that the instantaneous velocity

vector of the water-air mixture, w, and the gradient of the mean pressure, V P, are

12
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evaluated at parcel position. The drag coefficient was estimated by the correlation

of Schiller and Naumann [53] for spherical particles:

24
— (14 0.15Re2%7) | if Re,, < 1000
Cq = Her (1)

0.44, otherwise

where Re, = pd,|uep — vp|/p is the particle Reynolds number.

Other forces, such as gravity, lift, added mass, and history force, were neglected
because previous studies [36] and theoretical considerations [51] suggested their
minor importance for the flows addressed in this study. The instantaneous velocity
vector of the fluid, w, was obtained by a standard, well-established “discrete
random walk” stochastic model embedded in the used CFD code [54].

The Lagrangian tracking problem was solved as steady-state and, therefore,
each parcel was attributed a fixed mass flux, /mp, which remained constant along

its trajectory.

2.3. Erosion models

The significant role played by the erosion model in affecting the wear esti-
mates, assessed by two authors of this paper in previous studies [36, 55], led to the
decision of employing two different equations, in order to test the robustness of
the simulation results. The two correlations were selected among those available
in the literature [25, 34] mainly because of the wide applicability, the widespread
diffusion, and the easiness of use in terms of number and types of input parame-
ters. Both models can be regarded as mostly empirical and, therefore, they were
substantially obtained from calibration of laboratory experiments without a strong

theoretical foundation.
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The first model employed was that developed by Oka and co-workers, whose
final formulation, reported in [56, 57], required years of work and several interme-
diate steps [58, 59]. According to this model, which will be referred to as “Oka”
in the remainder of the paper, the erosion (mass) ratio of a particle-wall collision,
E.on, is given by:

ks ks
Eoon = 1070, K (aH,)"" <‘”f;/—mp’) (%) £ (B imp) (12a)
f (Opimp) = (SI0 6, imp)™* [1+ H, (1 — sinOp imp) "] (12b)

where: p; and H, are the density and the Vickers hardness number of the target
material, respectively; V'’ and D’ are a reference velocity and a reference particle
size, respectively; K is a particle property factor depending on particle shape and
hardness; a and b are parameters related to the material of the eroding surface;
k1, ko, ks, ny, and ny depend on the properties of both particles and target.
The Oka correlation was obtained by fitting the data of air-solid abrasive jet
impingement tests (Fig. 3) in the following conditions: impact velocities from 50
to 167 m/s; nozzle-to-specimen angles from 5° to 90°; SiO,, SiC, and glass as
particle materials; particle sizes from 49 to 428 um; different metals as target
materials with p; from 2700 to 9020 kg/m® and H, from 0.40 to 8.00 GPa.
However, it is noted that, despite its empirical nature, the model was developed
starting from recognizing erosion as a combination of repeated deformation and
cutting, which are associated with the two multiplied terms in Eq. 12b. In this
work, the suggested parameters for SiO, particles were adopted, namely K=65,
k1=-0.12, ky=2.3 H2038 k3=0.19, n;=0.7T1H)'*, and ny=2.4H "%, The values of
the reference variables VV/ and D’ were those considered by the experimenters when

fitting their correlation, namely 104 m/s and 326 pum, respectively. Finally, a and

14
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b characterize the load relaxation ratio of the target material, and they should be
determined by ad-hoc experiments. In the lack of any indication, both parameters
were taken to be unity, as commonly assumed in previous studies [60—63].

The second erosion model used in the present study was that reported in a
recommended practice by Det Norske Veritas [64], and it will be called “DNV”
from this point onward. The DNV model is one of the most widely used in the
oil and gas industry, and it has an extremely simple formulation. The formula for

Ecoll is

Ecoll = K‘/Up,imp‘nf (ep,imp) (133)
8
T Boimp) = D Ai6] ip (13b)
j=1

where the suggested constants for steel grades are K = 2 - 107, n = 2.6,
Ay = 937, Ay = —42.295, A5 = 110.864, A, = —175.804, A; = 170.138,
Ag = —98.398, A7 = 31.211, and Ag = —4.17. As detailed in Haugen et al. [65],
this formula was empirically obtained through abrasive jet experimentation (Fig. 3)
with angular sand particles of diameter 200-250 pm, impact velocities from 18
to 220 m/s, and nozzle-to-specimen angles between 15 and 90°. Six standard
steel materials were tested with density around 8000 kg/m? and Vickers numbers
between 2.35 and 14.7.

The flow conditions addressed in the current investigation were generally within
the range for which the Oka model was calibrated, except for the impact velocity,
which was sometimes smaller in the numerical simulations. Conversely, the
simulated particle size and the Vickers number of the target material were smaller
than in experiments of Haugen et al. [65]. It is noted that, however, a number of

studies demonstrated that both models can perform well outside their calibration

15



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

range, even in closer flow conditions to those addressed here (e.g. [63, 66]). This
consideration, in addition to those made at the beginning of this section, contributed

to the choice of the erosion models to be tested.

2.4. Computational domain and boundary conditions

Half of the computational domain is shown in Fig. 4 together with the imposed
boundary conditions. A stagnation inlet condition was imposed upstream the
device, in which the pressure was set to a fixed value (specified later) and «, was
0. Position and velocity were specified for all parcels at this boundary, where no
mean relative velocity was assumed between water and solids. The initial parcels’
velocities, v%, were thus equal to the unhindered water velocities, Uqap, plus a

fluctuation, as follows
2kap
3

where £ is a three-element vector containing random scalars drawn from the

vp = Uap + € (14)

standard PDF, and kqp is the unhindered turbulent kinetic energy of the fluid at
parcel position. The initial parcels’ positions were determined by imposing the
local parcel number density to be proportional to the local advective water mass
flux per unit area, i.e. py (Uap - nap), Where nqp is the unit normal vector at
parcel position. The total solid mass flow rate through the inlet section, M, was
determined in such a way to produce a solid volume fraction, C', equal to 1%,

through the following formula:

Ms = pplQi ~ ppCQjet (15)

——1
C

where the volume flow rate of the water jet, (¢, was obtained as output of the VOF

simulation. All parcels, whose total number is referred to as Np, were attributed

16
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the same mass flux, equal to '
=N

A stagnation inlet with total pressure of 0 bar and o, = 1 was imposed laterally

mp (16)
to the nozzle exit, and a pressure outlet condition with total pressure of 0 bar and
unit backflow air volume fraction was set on all other faces of the outlet cylinder.
The parcels were allowed to leave the domain through the whole outlet cylinder.
All other boundaries were solid walls. The wall treatment used in this study
was two-layer all y*, which smoothly blends the wall laws to estimate the wall
shear stress and the value of the turbulence quantities in the near-wall cells [54].
Each time a parcel collided against a wall, the normal and tangential rebound
velocity components were related to the corresponding incident values via two
restitution coefficients. The correlations of Grant and Tabakoff [67] were briefly
explored but, finally, both restitution coefficients were set to a unit value, after
discovering the minor influence of these parameters upon the quantities of interest

for this study.

2.5. Computational methodology

The simulations were performed employing the general-purpose, commercial
CFD code STAR CCM+ version 11.02 in conjunction with in-house MATLAB
routines for the definition of the parcels’ initial conditions. The VOF equations,
discretized via the finite volume method, were solved in a segregated manner by
the STAR segregated flow model. Use was made of a second-order upwind scheme
for the convective terms, a second-order central difference scheme for the diffusion
terms, and a Hybrid Gauss-LSQ method for the pressure gradient. The integration
of the parcel equation of motion was done by the Lagrangian steady solver with

the default numerical settings [54].
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By employing a specific utility available in STAR CCM+, the erosion rate
intensity of each surface element (i.e. the mass of wall material eroded per unit

area per unit time, referred to as @) was calculated, as follows

Dy = ™ % 1P Feoll (17)

where A, is the area of the surface element, and i (el)-s stand for the parcels
which impinge against the surface element. In this study, Fc,u; was evaluated
by applying either of the two erosion models reported in section 2.3, in which
Up.imp and 0, iy, were replaced by the parcels’ fluid dynamic characteristics at the
impingement stage. The integral erosion ratio, Ej,, of the needle and the nozzle
was computed by summing up the AP, products over the surface elements of
these components, and dividing by the total solid mass flux through the inflow

section, M.

3. Problem statement and numerical parameters

3.1. Definition of the simulation scenarios

Several simulations were carried out on the injector qualitatively sketched in
Fig. 1 for three needle vertex angles (25°, 27.5°, and 30°). The device was equipped
with three equally spaced ribs to lead and center the needle. The nozzle diameter,
Dy, was 50 mm and the nozzle contraction angle, 7,5, was 40°. For each trim,
the discharge coeflicient and the erosion characteristics were estimated over four
values of s/Dy. The pressure upstream the injector was 40 bar, corresponding to a
net heat, H, of about 410 m. The physical properties of water and air, i.e. density
(p), viscosity (1), and surface tension coefficient (o), were set as the characteristic

values at a temperature of 20°C, namely p,, = 998.23 kg/m?, p, = 1.2041 kg /m?3,
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fy = 1.0016 -1073 Pa-s, p, = 1.8205 -107° Pa-s, and o = 72.86 1072 N/m.
Finally, in order to enhance the engineering relevance of this study, the mass flux
of each parcel (rivp), the particle density (p,,), and the particle size (d},) were defined
in analogy with the application case analyzed by Bajracharya et al. [10]. In detail,
my, was imposed in such a way to produce a volumetric concentration of 1% at the
nozzle entrance (Eqgs. 15 and 16) and the particles were assumed monodisperse
with p, = 2650 kg/m?* and d, = 50 um, representative of silt. The solids were
implicitly assumed spherical in shape, as implied by the use of the Schiller and
Naumann correlation for the drag coefficient (Eq. 11). The properties of the target
material were chosen among the typical values reported in the literature for steels,

namely p; = 7900 kg/m? and H, = 1.34.

3.2. Numerical consistency of the CFD solution

The consistency of the numerical solution was investigated, making reference
to the minimum simulated dimensionless needle stroke for the v, = 27.5° case,
which is s/ Dy = 0.067. This condition was chosen because the high velocity and
pressure gradient in the nozzle, resulting from the small area of the exit section,
were expected to enhance the effect of numerical parameters, such as the number
of grid elements and the number of injected parcels.

First, the sensitivity of the discharge coefficient predictions upon the spatial
discretization was investigated. Computational meshes was generated after di-
viding the domain in three zones, corresponding to the upstream pipe, the actual
injector, and the environment downstream of the nozzle exit (Fig. 5a). Three
different unstructured hexahedral meshes were employed, consisting of about 0.9,
1.7, and 3.4 million cells, and referred to as M1, M2, and M3, respectively. The

number of cells (total and in each zone) is summarized for all meshes in Table 1.

19



431

432

433

434

435

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

The cells were densified within the nozzle and, above all, close to the needle tip and
in correspondence to the air-water interface (Fig. 5b), as these are the areas where
high mesh refinement is required to obtain consistent solutions. The discretization
error was computed using the GCI (Grid Converge Index) method, following the
procedure that Celik et al. [68] proposed on the grounds of the previous study by
Roache [69]. The predicted values of ¢, on the three grids are reported in Table 2
together with the grid refinement factor, the extrapolated value, and the GCI on
the two finer meshes. The numerical uncertainty on the fine grid solution was only
0.27% and, consequently, mesh M3 was considered adequate.

Afterwards, the consistency of the erosion estimates was analyzed, and the
target parameter was the integral erosion ratio of the nozzle seat, Ejy ns, €stimated
by the Oka erosion model (Eq. 12). In addition to the sensitivity analysis with
respect to the computational mesh, the effect of the number of tracked parcels had
to be assessed. In fact, since a parcel represents a group of physical particles, it was
necessary to ensure that a statistically significant number of parcels were tracked,
even more so because the trajectories were random due to the effect of turbulent
dispersion. This was achieved by increasing the number of parcels, Np, unless
Eine ns Teached a stable value. Note that increasing /Np corresponds to decreasing
the mass flux that each parcel represents (Eq. 16), and that the higher the number
of parcels the lower the number of particles each parcel contains. Following a
previous work [55], the combined effect of the number of grid elements and Np
was taken into consideration. In order to ensure further reliability of the estimates,
a ten million element mesh was defined in addition to the already mentioned
M1, M2, and M3. Such grid is referred to as M4 in Table 1. For each level of

discretization, the number of injected parcels was increased from 5000 to 100000.
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Figure 6 confirms the consistency of the wear predictions obtained using the M3
cells mesh with Np = 75000, since further increase in either the number of
grid elements or the number of computed trajectories did not produce significant
changes to Eiyt ns. Such number of parcels was considered for all combinations
of v, and s/Dy. Note that, because of the changes in their geometry, the injectors
produce different jet flow rates for the same H and, therefore, Ms and mp are not

equal for all test cases (Egs. 15 and 16).

3.3. Assessment of the physical consistency of the VOF solution and validation

The next step in the assessment of the reliability of the CFD estimates was the
verification of the physical consistency of the VOF solution and its comparison
against earlier results from the literature. The typically obtained air-water flow
field was that depicted in Fig. 7 for v, = 27.5° and s/ Dy = 0.459. As expected, the
pressure dropped off towards the end of the injector, creating a flow that escaped
in the form of a free jet. The jet spreading was actually negligible within the short
simulated distance.

The estimated injector characteristics for the three values of 7, are depicted in
Fig. 8a. The numerical results were in good agreement with the curves reported in
Zhang’s book [1]. Unfortunately, the experiments from which these curves were
obtained were described in an earlier report not accessible to the public and, there-
fore, the geometrical details and the testing conditions were substantially unknown.
Nevertheless, it is noted that all the data series collapsed into a single one if s/ D
was replaced by the effective nozzle opening area, Ap/Ap,, and, furthermore, the
resulting curve largely overlapped the experimental results (Fig. 8b). This lent
confidence to the air-water flow model and, at the same time, it confirmed Zhang’s

claim that it is possible to estimate a priori the injector characteristics for a given
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vy if the curve corresponding to another -y, is known.
The reliability of the erosion predictions will be a subject of discussion in the

following section.

4. Results and discussion

4.1. Particle tracking and typical wear predictions

After computing the air-water flow field, the trajectories of 75000 parcels were
tracked. As an example, Fig. 9a displays the paths followed by 15 representative
parcels as they move through the injector, colored by their local velocity magnitude,
for v, = 27.5° and s/ Dy = 0.459. The parcels tend to move parallel to the nozzle
casing, flowing around the supporting ribs. As they reach the contraction nozzle,
they undergo sudden acceleration, increasing their velocity up to about 80 m/s
and, eventually, collide with the surfaces of the nozzle and the needle. From
a qualitative point of view, the obtained results are very similar to those of the
earlier simulations of Zeng et al. [50]. Figure 9b allows further exploring the fluid
dynamic behavior of the solids by showing the same trajectories colored by their

local Stokes number in logarithmic scale. The Stokes number is defined as:

Sty= 2 (18)

TA
where 7, is the particle response time, which expresses the responsiveness of a
particle to a change in the fluid velocity, and 7, us a characteristic fluid time scale.
The Stokes number is a measure of the temporal correlation between the particle
velocity and the fluid velocity field. Particles with St4 < 1 tend to follow the
fluid streamlines, behaving as a passive scalar, whereas those having St > 1 will

not be able to follow rapid changes in the fluid streamline [26, 51]. The Stokes
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number acquires particular importance in relation to impact erosion because, in
order to collide against a surface, a particle must necessarily detach from a fluid
streamline. Thus, having local St, not much smaller than one is a necessary
condition for particle-wall impingements to occur, whilst the impact velocity and
the impact angle affect the damage that a colliding particle can produce. 7, and 74

were calculated along the parcels’ trajectories by means of the following formulas:

4 Ppdp
Ty = — 19
P SpCd‘U@p—’UP| ( )
=, e (20)

€ap

in which C';, = 0.15, as this is the typical time constant in the k-¢ framework.
Inspection of Fig. 9b reveals that, owing to the small value of particle size, the
parcels substantially followed the fluid in the inlet tube (St, ~ 0.10), whilst St 4
becomes higher close to the contraction nozzle, exceeding 10 in proximity of the
nozzle outlet edge. This result had a clear correspondence with the locations of
particle-wall impingements, which were densified in the end part of the injector,
as shown in Fig. 9c based on a sample of 5000 parcels. The points in Fig. 9c are
colored by the impact velocity magnitude, which assumed the maximum values
at the outlet edge of the nozzle seat. Thus, the greatest erosion damage could be
expected at this location.

And indeed, when the Oka erosion model (Eq. 12) was employed to estimate
the local erosion rate intensity of the surface elements on the inner walls of the
injector, the end of the nozzle seat was found to be the part of the device most
subjected to wear (Fig. 10a), even if some damage was found also on the needle
(Fig. 10b). Similar results, although at a lower resolution, were found by Zeng et

al. [50].
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4.2. Effect of the injector opening on erosion

Figure 11a depicts the integral erosion ratio of the nozzle seat and the needle as
a function of the dimensionless needle stroke, s/ Dy, for v, = 27.5°. Particularly,
the estimates of the Oka and the DNV erosion models have been compared.
As already observed for other types of flows [36, 55, 66], also in this case the
use of different erosion correlations produced significant variations in the wear
predictions. However, the erosion model had practically no effect on the qualitative
behavior of the s/ Dy-FE}y,; curves. With both options, the integral erosion ratio of
the nozzle seat was higher compared to that of the needle, and the difference tended
to disappear as s/ Dy is reduced. Similar relative weights of the two contributions
were predicted by Zeng et al. [50]. The photographs reported by Bajracharya et
al. [10] and Neopane et al. [70] may suggest that the CFD model was capable in
correctly predicting the location of erosion but, at the same time, the erosion of
the needle was likely to be underestimated. A plausible interpretation could be
that the actual needle wear is enhanced by the already mentioned coalesced effect
of cavitation and impact erosion [10, 19, 20], a feature that was not accounted for
in the numerical simulations.

At present, the absence of reproducible experimental data does not allow
assessing which of the two erosion models provides more accurate mass loss
predictions. In an earlier investigation [55], two authors of this paper found that the
Oka model procured the overall best agreement with experimental data for slurry
abrasive jet impingement tests, whereas the DNV model tended to underestimate
the mass removals. Furthermore, the Oka model accounts for the effect of more
variables (i.e. particle size and material hardness) and its calibration range is

closer to the flow conditions addressed in this study. All these considerations
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may suggest that, compared to the DNV one, the Oka model procures more
reliable estimates but, without an experimental validation, it is not possible to
reach definitive conclusions. On the other side, it was interestingly noted that, if
the E;,; values were divided by a reference quantity, £* (here taken as the integral
erosion ratio of the nozzle for s/ Dy = 0.45), the dependence upon the erosion
model could be substantially eliminated without affecting the relative weights of
wear on the two components of the injector (Fig. 11b). This finding is relevant
for the applications. In fact, often, the scope of the engineering simulation is not
to accurately estimate the entity of hydro-abrasive erosion, but, rather, to allow
reliable comparisons of different scenarios, and it is here proven that this can be
achieved by referring to E;,;/E* instead of Fiy.

The trend of the integral erosion ratio versus the needle stroke had a clear
correspondence with the distribution of erosion rate intensity, which is depicted
in the third columns of Figs. 12 and 13 for the nozzle seat and the needle, re-
spectively. In fact, whilst the wear of the nozzle seat was almost constant with
s/ Dy, and confined along the outlet lip, the material removal from the needle nose
considerably increased as the valve was closing. In order to further investigate this
behavior, attention was turned to the most basic fluid-dynamic parameter affecting
erosion, namely number of impingements, modulus of the impact velocity, and
impact angle. These can be inspected in the first two columns of Figs. 12 and 13,
obtained by sampling the computed parcels’ characteristics at the impingement
stage. The variation of s/Dj did not result in appreciable changes in the number
of impingements on the inner wall of the nozzle seat, and the combination of
either low impact velocity or low impact angle resulted in negligible wear except

close to the exit edge. Conversely, the increase in the erosion of the needle at low
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s/ Dy could be explained by the higher number of impacts and the higher impact
velocities. Finally, it is noted that the impact angles were generally lower than 20°
on both the nozzle seat and the needle, thereby suggesting that cutting is likely to

be the dominant erosion mechanism in Pelton turbine injectors.

4.3. Effect of the needle vertex angle on erosion

Finally, the influence of the needle vertex angle, v,, on erosion was studied for
the whole range of needle strokes. In order to reduce the influence of the erosion
model, the integral erosion ratio was divided by that of the needle at s/ Dy = 0.45
and v, = 27.5°. The results, shown in Fig. 14a, indicated that, within the range
considered, the needle vertex angle did not affect the qualitative behavior of the
wear curves and the relative weights of the erosion of the needle and the nozzle
seat. Nevertheless, erosion seemed more pronounced for low values of v, this
trend being more evident for the needle. Providing a rigorous justification of
this result was definitely hard due to complexity of the computational model and
the number of concurrent physical mechanisms involved, but some interpretation
could be argued with the help of the sketch in Fig. 15, which depicts a typical
parcel trajectory in the space between the needle and the nozzle seat. For both
components, an increase in v, contribute to a reduction of the impingement angles,
referred to as [3; in the sketch, and, at the same time, an increase in the distance
between two consecutive impingements. Since the low [; values (below 20°, see
also Figs. 12 and 13) belong to the range in which the impact angle function is
monotonically increasing, both variations cause a reduction of erosion. Finally, it
is noted that, unlike the discharge coefficient, the erosion curves did not collapse
when plotted as a function of the effective opening area (Fig. 14b), underlining

that the fluid dynamic similarity condition guessed by Zhang for the discharge
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coefficient [1] did not extend to the loss of material arising from the presence of

solid particles in the flow.

5. Conclusions

In this paper, the problem of hydro-abrasive erosion in Pelton turbine injectors
was investigated by means of numerical simulations. The main innovative aspect is
that, for the first time, a systematic analysis of the wear characteristics of the injector
was carried out by focusing on its use as a flow control device. A Volume Of Fluid
(VOF) model was employed to reproduce the water flow inside the injector and the
free jet, and a Lagrangian particle tracking model was used in conjunction with two
erosion correlations to estimate the loss of material caused by the impingements of
silt particles within the fluid. The reliability of the numerical model was guaranteed
by a consistency analysis followed by a two-step validation procedure. Firstly, the
injector characteristics with three different needle vertex angles were found in
good agreement with the earlier results of Zhang [1]. Secondly, consistency was
obtained between the present wear predictions, previous simulation results [50],

and field evidence [10] and [70]. The main findings of this work are as follows.

* Unlike the locations of maximum erosion, the predicted amount of removed
material was highly dependent on the choice of the erosion model (Fig. 11a).
However, the influence of the wear correlation could be strongly reduced
by normalization with a reference condition (Fig. 11b). This indicates
that reliable evaluation of the erosion hotspots locations and comparison
among different scenarios could be attained even in the lack of case-specific

experimental data for calibration.
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* Nozzle seat and needle were found the parts of the injector most vulnerable
to erosion (Fig. 10), and cutting was identified as the main mechanism of
material removal. The predicted integral erosion ratio of the nozzle seat
was always higher than that of the needle, but the opening of the injector
was likely to affect the wear of the two components in different ways. In
fact, whilst the erosion ratio of the nozzle seat did not vary significantly
over the entire travel rate, that of the needle increased of about one order
of magnitude as the valve was closing (Fig. 11). The enhancement of the
needle wear at low valve opening was explained by the higher number of

impingements and higher impact velocities (Figs. 12 and 13).

* A decrease of the needle vertex angle from 30° to 25° produced an increase
of the erosion of the injector, more evident in the needle (Fig. 14). This
was interpreted as a consequence of the higher number of impingements and
higher impact angles (Fig. 15). The numerical results also indicated that the
effective opening area, which allows unifying the influences of needle vertex
angle and opening on the discharge coeflicient into a single variable [1], is no

longer a similarity parameter for the hydro-abrasive erosion characteristics.

The main limitation of this study is that the employed mathematical model does
not account for the synergy between cavitation and silt erosion, which may result
in enhanced wear of the needle. Current interest of the authors is the occurrence of
cavitation in the injector, with the future goal of developing CFD models capable
in predicting the material removal produced by solid particles in the presence of a
cavitating flow, thereby improving the accuracy of the needle wear estimates at low
openings. To this aim, experimental activities have been also planned to validate

the numerical results.
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Tables

Table 1: Number of cells (total and in each domain zone) of the different meshes employed in this

study.

Number of cells

MeshID Zonel Zone?2 Zone 3 Total

M1 7970 662548 201158 871676
M2 11124 1362460 383300 1756884
M3 15047 2810626 597441 3423114
M4 73017 7676673 2487191 10236881

Table 2: Calculation of discretization error. The parameter f is the discharge coeflicient, ¢ p,, for
Y = 27.5° and s/Dy = 0.067. r is the refinement factor between two grids, calculated making
reference to the total number of cells in the domain. The numbers 1 to 3 refer to meshes M1 to
M3, respectively. The subscript “ext” stands for the extrapolated solution, which is an estimation

of the “exact” one.

712 1.26
T'93 1.25
fi 0.123
f2 0.118
fs 0.117
Jext 0.117

GCI?®  0.27%
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Figure Captions

Figure 1. Sketch of a Pelton turbine injector.

Figure 2. A solid particle colliding against a surface.

Figure 3. An abrasive jet impingement test.

Figure 4. Half of the computational domain and boundary conditions for (a) the

water-air mixture and (b) the parcels.

Figure 5. (a) the different meshing zones; (b) details of mesh M3 close to the

needle tip.

Figure 6. Consistency analysis of the integral erosion ratio predictions with respect

to the spatial mesh resolution and the number of injected parcels.

Figure 7. VOF solution for v, = 27.5° and s/ Dy = 0.459: (a) mean pressure of
the air-water mixture; (b) mean velocity magnitude of the air-water mixture; (c)

air volume fraction.

Figure 8. Superimposition of VOF predictions with Zhang’s data [1] in terms of:
(a) trend of the discharge coeflicient as a function of the dimensionless needle
stroke; (b) trend of the discharge coefficient as a function of the effective nozzle

opening area.
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Figure 9. Exemplary particle tracking results for v, = 27.5° and s/ Dy = 0.450:
(a) trajectories of 15 representative parcels colored by their local velocity magni-
tude; (b) the same trajectories of subplot (a) colored by their local Stokes number
in logarithmic scale; (c) impact points of 5000 representative parcels colored by

the local impact velocity magnitude.

Figure 10. Exemplary results for v, = 27.5° and s/ Dy = 0.459: (a) erosion rate

intensity of the nozzle seat; (b) erosion rate intensity of the needle.

Figure 11. Dimensionless needle stroke versus: (a) the integral erosion ratio; (b)
the relative integral erosion ratio, where E* is the integral erosion ratio of the
needle at s/Dy = 0.45 (O = nozzle seat, Oka erosion model; ® = needle, Oka
erosion model; A = nozzle seat, DNV erosion model; a = needle, DNV erosion

model).

Figure 12. Erosion of the nozzle seat for v, = 27.5° and three values of s/Dj:
impact points colored by the impact velocity (left column); the same impact points
colored by the impact angle (central column); and resulting erosion rate intensity

(right column).

Figure 13. The same as Fig. 12 for the needle.

Figure 14. Relative integral erosion ratio versus (a) the dimensionless needle
stroke, (b) the effective opening area. The curves are plotted for different values

of v,. E* is the integral erosion rate of the needle at s/ Dy = 0.45 and ,, = 27.5°
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(Needle data, ¢ : v, = 25°; @ : v, = 27.5°; m: ~, = 30°. Nozzle seat data, ¢ :

Yo =25% 01 Y = 27.5% 01 v = 30°).

Figure 15. A typical particle trajectory in the space between the needle and the

nozzle seat.
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Highlights

e Particle-laden jets generated by Pelton injector nozzles were numerically

simulated
e The regulation characteristics of the injectors were estimated

e The injector components most vulnerable to hydro-abrasive erosion were

identified

e The extent of erosion was assessed for different operation and design pa-

rameters

¢ A physical interpretation of the obtained results was provided
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