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Abstract

High-head hydropower plants deploy Pelton turbines to harness energy; however, turbine components face severe abrasive
erosion due to suspended sediments. The erosion of the Pelton injector leads to the degradation of the jet quality, reducing
the turbine efficiency considerably. Recently, the erosion of an internal servomotor design of the injector has been studied
numerically; however, the cavitation-erosion synergy was not explored. This study serves as the extension of the literature
with an analysis of the hydro-abrasive erosion and inception of cavitation in an injector with an external servomotor of a high-
head hydropower plant (HPP). A Eulerian-Lagrangian approach is used to study the effects of sediment properties and flow
parameters on hydro-abrasive erosion; whereas, the Schnerr-Sauer model is used to analyze the inception of cavitation.
Interestingly, an increase in particle size from 40 microns to 200 microns resulted in 2 95.7% reduction in needle erosion; but,
led to a two-fold increase in nozzle erosion. For an increase in the plant head from 200 m to 820 m, the increase in erosion
rate of the nozzle and the needle is 4.36 and 1.4 times, respectively. Moreover, the possibility of cavitation in the Pelton
injector also increases with an increase in the head of the HPP leading the injector to higher susceptibility to the synergic effect
of cavitation and hydro-abrasive erosion. This study attempts to assist the hydropower development in high-head regions with
a risk of high sediment flow and manage the existing plants efficiently.
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Introduction Himalayas, the Andes, and the Alps.4‘5 One of the most
used hydraulic machinery in high-head HPPs is a Pelton
turbine designed for high-velocity flows to convert the
majority of the available hydraulic energy. In the Pelton
turbines, even particles smaller than 60 um can cause severe
damage to the turbine components like injectors and
buckets due to high flow velocities.® The erosion in Pelton
turbine components is a complex process and has not been
explored completely.

Hydro-abrasive erosion, a progressive and cumulative
process, alters the profile of the turbine components af-
fecting the flow conditions.”® This results in a progressive
decline of turbine efficiency over a period of time and loss
of generation. After conducting several tests, Padhy and
Saini’ observed a 3.5% mass reduction of a model Pelton

Currently, most of the power generation utilizes the non-
renewable source of energy, which is one of the main
reasons for global warming and climate change. In 2021,
the CO, level increased by 6% compared to the preceding
year. It necessitates switching to more renewable-based
sources for power generation where hydropower has the
maximum contribution among all renewable-based sources.
In 2021, 53.7% of the electricity generated globally from
renewable-based sources came from hydropower.' Climate
change has severe impacts on rainfall patterns resulting in
soil erosion and retreating glaciers leading to high sediment
flows in streams. These sediments pose a major challenge to
renewable energy generation in the form of electricity as
hydropower plant (HPP) is the highest contributor to
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bucket due to hydro-abrasive erosion resulting in an 8%
efficiency loss. In Chenani HPP, the nozzle and needle
operating in an erosive environment underwent a 5% and
3.71% loss of volume at the end of 2712 h of operation.’ In
general, a 1% increase in the splitter width of the Pelton
bucket due to hydro-abrasive erosion results in a 1% drop in
Pelton turbine efficiency.'® Hydro-abrasive erosion near the
nozzle exit increases the nozzle opening area, increasing the
jet diameter. Such increased jet diameter results in reducing
the Pelton turbine efficiency as observed by Alomar et al.'!
Therefore, it becomes important to predict the erosion rate
with an erosion model to estimate the efficiency reduction,
sediment cut-off concentration, and time between
overhauls.”'*'* To develop a correlation between erosion
rate and the different parameters involved, experiments
were carried out using a rotating type test rig or a jet erosion
tester.'* However, the test rigs do not completely replicate
the erosive conditions of Pelton turbine components mainly
due to high heads and dilute sediment conditions in actual
HPPs.”'>!° The Data-driven approach can also be utilized
in predicting and monitoring the erosion rate in the Pelton
turbine, optimizing maintenance cost.'” Usually, the op-
erating heads within 200 m were tested in model Pelton
turbines”!>1®;  whereas, high-head turbines often have
designed heads in the range of 800-1300 m. Thus, the
application of erosion models developed experimentally
considering sediment parameters like size, concentration,
shape and hardness, turbine material, and head of the HPP
have limited applications in Pelton turbines. The erosion
rate and failure mechanism are mainly obtained from
analysis of the eroded components of the turbines, espe-
cially for high-head HPPs.”'®!°

Several studies reported efficiency loss in HPP due to
hydro-abrasive erosion in the range of 4%—15% for a short
period of 3-4 months.'*?" In the field study by Dufour at
the Klosterli HPP (1 x 2.6 MW) located in the Alps
mountains, the maximum efficiency loss reached 8% within
105 days.”' In another study of turbine erosion in the Alps
mountains, Felix>? observed a reduction of 0.9% in turbine
efficiency of Fieschertal HPP (2 x 32 MW) located in the
Alps mountains due to hydro-abrasive erosion for the
1902 h of operation period. In the Himalayan mountains,
Bajracharya et al.'” estimated a 4% reduction in turbine
efficiency of Chilime HPP (2 x 11 MW) for 2 years of
continuous operation. In a similar study in Indian Hima-
layas, Din and Harmain® monitored the sediment charac-
teristics and erosion in a Pelton injector during one
monsoon season from May 2017 to September 2017 in the
Chenani HPP (5 x 4.66 MW). They observed ploughing
action and crater formation due to erosion in the nozzle exit
region and in the needle tip region caused by the high
impact velocity of the particles. On the other hand, erosion
in the form of ripples was observed in the other regions with
a lower impact velocity. At Toss HPP (2 x 5 MW) located in
the Himalayas, Rai et al.>> reported an efficiency loss of
7.43% in the Pelton turbine at 80% load due to erosion.
These observations help in calibrating the erosion models
and validating the numerical simulations; however, esti-
mating the effect of a specific input on the erosion cannot be
ascertained from field studies as the inflow conditions of
sediment cannot be entirely controlled in HPPs. Further,

each HPP is different with respect to sediment inflow
conditions, design head, and discharge.

The hydro-abrasive erosion can be mitigated by con-
structing a desilting arrangement before the inlet of the
penstock; however, due to space and economic constraints
in hilly regions, their size is limited and it does not remove
100% particles.”* As a result, during high flow conditions,
even large sediment particles with the size of more than
200 pm pass through it and cause erosion.'® Therefore,
other methods such as optimization of design and flow
condition as well as the use of high erosion-resistant coating
over the turbine material are required to diminish the
erosion effect. Tarodiya et al.>> compared the erosion rate of
the Pelton injector for a different combination of the nozzle-
needle angle in pairs and observed the 110°/70° nozzle-
needle pair to be the most optimum. Further, they observed
coated Pelton injector with WC-Co-Cr coating on mar-
tensitic stainless steel resists 100 times more than an un-
coated one. Rai et al.'® noticed Pelton buckets made of brass
to be very sensitive to hydro-abrasive erosion; whereas,
13Cr-4Ni martensitic stainless steel with WC-Co-Cr HVOF
coating has the highest resistance to hydro-abrasive erosion.
But, before implementing mitigation techniques, quanti-
tively evaluation acquiring data of sediment properties like
suspended sediment concentration and particle size distri-
bution are required. The recently developed in situ tech-
nologies based on laser diffraction, optical backscattering,
and acoustic backscattering can be used for continuous
measurement of sediment properties.'*>°

Using numerical simulations, the effects of changes in
design conditions of turbine components, head, inflow
sediments, and material conditions on hydro-abrasive
erosion have been studied recently.’’° Further, complex
phenomena such as vortex shedding, secondary flow, and
cavitation in turbines have also been captured using nu-
merical methods.>! 3 However, such simulations are rare
in the case of Pelton turbines due to complex flow re-
quirements involving the water-air interface, the presence
of solid particles, etc. The Pelton injector erodes extensively
in plant conditions and is one of the most important
components of the Pelton turbine influencing its efficiency.
To study the erosion characteristics of an injector with an
internal servomotor, Guo et al.”® and Messa et al.>* con-
sidered different numerical schemes for the analysis of
sediment-laden flow. Guo et al.”® used a Discrete Phase
Model (DPM) with a 456 m operating head; whereas,
Messa et al.>* applied the STAR CCM + tool for an op-
erating head of 410 m. Both observed similar erosion
hotspots for injector components, i.e. nozzle and needle.
The maximum erosion in the needle was found at a location
a little upstream of the needle tip; whereas, the maximum
erosion of the nozzle was found at the exit region. Though
Messa et al.** obtained negative pressure near the nozzle
exit, the cavitation modelling is missing from their study. In
another similar study, Tarodiya et al.*> adopted CFD-DEM
modelling for an operating head of 150 m considering non-
uniform sediments to observe asymmetrical erosion pat-
terns. None of the numerical studies considered high-head
injector operation above 800 m. In Table 1, the head
considered by different researchers while investigating
hydro-abrasive erosion in a Pelton injector is provided.
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However, these studies on the Pelton injector did not
consider the effect of sediment parameters and the head of
HPP on the hydro-abrasive erosion rate. Moreover, a study
of an injector with an external servomotor considering the
DPM model to track particles is rarely available in the
literature.

To analyse the erosion characteristics, a study of com-
plex flow conditions in the Pelton injector is essential. Guo
et al.*® observed secondary flow due to vortex shedding
near the needle guide and a velocity deficit near the needle
tip in an injector with an internal servomotor. Han et al.*®
found secondary flow creating dean vortices in the dis-
tributor part of the Pelton injector while Zhang and Casey”’
found secondary flow caused a jet core shift due to a 90°
bend pipe in the injector. Often, profile degradation due to
erosion leads to local cavitation in Pelton turbine compo-
nents, predominantly in high-head conditions.”'**™* The
inception of cavitation increases the material loss rate
significantly due to the synergic effect of hydro-abrasive
erosion and cavitation resulting in rapid reduction of
efficiency.*** In addition to the eroded profile, part load
operating conditions and improper design of the compo-
nents cause the formation of vortices and secondary flows
leading to cavitation. In the Pelton turbine, the needle of the
Pelton injector is prone to cavitation during partial load
conditions.”'” In addition, cavitation is also observed in the
front and cut-out regions of Pelton buckets.***'**> In the
literature, no one has numerically studied the synergic
effects of erosion and cavitation though it is observed in the
actual injectors of various high-head HPPs.

In this paper, hydro-abrasive erosion of a Pelton in-
jector for a high-head HPP is studied numerically con-
sidering a Eulerian-Lagrangian approach. The hydro-
abrasive erosion in the Pelton injector with an external
servomotor is investigated by varying the head available at
the inlet, nozzle opening, and sediment characteristics
such as size, concentration, and size distribution. The
variation in the operating head, as well as the operating
load conditions, are considered to incorporate a wide range
of flow conditions. Further, the cavitation model is also
implemented to explore the possibility of the synergic
effect of cavitation and hydro-abrasive erosion in the
injector components. The numerical results conform to the
field observations available in the literature. The paper is
organised into five sections where first section provides an
introduction and details of available literature on the
erosion of Pelton turbine components. The sections
thereafter describe the details of the study HPP and the
numerical scheme used for simulation along with its
validation. Finally, the obtained results are discussed in
comparing the findings with the literature and last section
concludes the study.

Hydro-abrasive erosion in Kashang HPP

The Kashang HPP is a run-of-river HPP located in the
Kannur district of Himachal Pradesh, India in the Hima-
layas operated by ‘Himachal Pradesh Power Corporation
Limited> (HPPCL). The water from two streams, i.e.

Table I. Head considered in various literature.

Literature Head considered (m)
Liu et al.>® 671

Guo et al.”® 456

Messa et al.>* 410

Tarodiya et al.>® 150

Bajracharya et al.>’ 30.5

Kashang and Kerang streams - tributaries of the highly
sediment-laden Sutlej River is utilised for generating
renewable-based electricity. The Kashang HPP has a total
installed capacity of 195 MW (3 x 65 MW) consisting of 3
units of five jet vertical Pelton turbines with 8.99 m?/s unit
discharge and a rated head of 820 m. At such a high head,
the flow velocity is very high causing local pressure drop
and flow separation leading to the possibility of
cavitation.**** As a result, even a small sediment particle
causes severe wear and material loss of Pelton turbine
components due to the synergic effect of cavitation and
hydro-abrasive erosion as shown in Figures 1 and 2. In
Figure 2, the severe erosion of one of the injectors operated
during a single monsoon season from a new condition is
provided. The erosion process alters the profile of turbine
components, disturbing the flow pattern, and resulting in
reduced generation efficiency of the HPP. As the synergic
effect is more prominent in the high head HPPs,”*" the
present numerical study attempts to investigate such a
complex synergic erosion process corresponding to the
head of Kashang HPP, i.e. 820 m. Details of Kashang HPP
are mentioned in Table 2.

Methodology

This section presents the governing equations and nu-
merical schemes of ANSYS Fluent applied to model the
flow behaviour and hydro-abrasive erosion in the Pelton
turbine injector used in the present work.

Geometrical modelling and meshing

As seen in Figure 3, the designs of an injector with an
external and internal servomotor are considerably different
and therefore have different erosion patterns.”® The design
of the Pelton injector with external servomotor considered
in the present work consists of a nozzle and needle with 90°
and 50° angles, respectively, having a 100 mm nozzle
opening diameter (D) (Figure 4). In the paper, the nozzle
opening is portrayed as a stroke ratio which is a ratio of
spear travel (S) to nozzle diameter at exit (D). While in-
vestigating the effect of sediment parameters and HPP head
on hydro-abrasive erosion, the stroke ratio is kept constant
at 0.46. The computational domain as shown in Figure 5
includes a pressure inlet, pressure outlet, and wall with
smooth no-slip boundary conditions. The pressure inlet is
specified according to the required head, zero-gauge
pressure is set at the outlet, and operating pressure is
taken equal to one atmosphere.
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Figure |. Eroded components of Pelton turbine of high head Kashang HPP (a, b) Needle, (c) Nozzle, (d) Bucket.
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Figure 2. Components of Pelton injector from Kashang HPP (a) before and (b) after the erosion process.

A structured hexahedral mesh of the computation do- Table 2. Details of kashang HPP

main was created using the ICEM CFD tool. The mini-

mum value of the quality, determinant 3 x 3 x 3 of the Specification

Description

mesh is 0.486. As shown in Figure 6, a fine mesh was
created near the surface of the nozzle and needle in order to
capture the effect of boundary layer formation. However,
the first layer thickness is kept greater than the biggest size
sediment particle considered during the simulation for the
Discrete Phase Model (DPM) approach to be
effective. 2223374

Number of units

Number of injectors
Turbine discharge per unit
Operating head

Turbine speed

Nozzle and needle angle
Material

3 (65 MW each)

90° and 50°
Turbine steel

Further, a grid independency test was performed using

the ‘area average velocity’ at the inlet as a reference pa-
rameter to check the influence of mesh elements on the
numerical results. 2.58 million mesh elements were used for
numerical simulation since the reference parameter barely
varied with a further increase in mesh elements as shown in
Figure 7. Due to the formation of an S-shaped curve in

Figure 7, the value of area average velocity obtained be-
tween 0.5 million and 2 million elements varied signifi-
cantly. Thus, considering the higher quality of mesh
resulting in better accuracy obtained with higher number of
mesh elements, a numerical scheme with 2.58 million mesh
elements was considered for the simulation.
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Figure 3. Type of Pelton injector based on its design (a) injector with external servomotor (b) injector with internal servomotor.>
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Figure 4. Schematic sketch of Pelton turbine injector.
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Figure 5. Computation domain of Pelton injector considered for the study.

Governing equations and numerical setup

A total of four different phases were considered in this
study. To simulate these four phases which are water-liquid,
water-vapour, air, and discrete phase, i.e. sand particles, the
multiphase mixture model based on the Euler approach is
implemented. For investigating hydro-abrasive erosion,
water-liquid, air, and discrete phases are considered;
whereas, water-liquid, air, and water-vapor are considered
for investigating the cavitation phenomenon. The mixture
model considered the interaction of mass and momentum
transfer of the inter-phase. Further, the steady-state flow
condition is considered during simulation as the flow
conditions at a given opening remain constant if other
operating parameters do not vary. The volume fraction of

water at the inlet was set to one. The governing equations
for this model include continuity and momentum as shown
in equations (1) and (2).

V- (pU)=0 (1)
0 T
~(pU)+p(V-TU)= -Vp+ V-[u(VU+VTU )]

ot
+v ( Z::] q)xpxﬁ)dr,xﬁ)dr,x) + F>B
2

— — .
where U, p, t, p, n , Py, p, and Uy, x represent velocity
vector, mass density, pressure, dynamic viscosity, volume
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Figure 6. Structured mesh at mid-section plane of Pelton injector.
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Figure 7. Mesh independence test.

fraction, density, and drifi} velocity of ‘x’ secondary phase,
respectively; whereas, Fp represents body force. For
capturing the hydro-abrasive erosion in the injector, an
erosion/accretion physical model was applied. For in-
cluding the turbulence dispersion effect on the dispersed
phase, a discrete random walk mode was used. A
Lagrangian-based DPM model depicted in equation (3) is
used to track sediment particles.”® Reflect type boundary
condition was chosen in the DPM model for the wall.

dV - (= = E)(p —p) —
2 = Fo( )+7; +F )
p

g . . .
where, V and t represents particle velocity and time, re-

spectively; whereas ?D(V — Vp) term represents the drag

force experienced by a particle having unit mass shown in
equation (4) and F is additional force per unit particle mass

causing fluid acceleration, one of its inclusive force f)v 1.e.
virtual mass force required to accelerate the fluid near the
particle is given by equation (5), and the other inclusive force
?p arising due to pressure gradient is given by equation (6).
It was assumed that the sediment particles had the density of
quartz (2650 kg/m3 ), which is present in a very high quantity
in the water coming to hydropower plants and is a leading
cause of hydro-abrasive erosion.”'®!? Since the value of
water density to sediment particle density is greater than 0.1,
additional forces constituting virtual mass and pressure
gradient forces are also considered and are given by equation
(6) and equation (7), respectively.45

18uCpRe
Fpy = ——2=F @)
ppd224

— lpd - —
Fy= V-V 5
v 2det( P) )
Fp = pﬂv’pvv’ 6)

P

where, Vp, Fp, V, g, Pp> P> Cp, Re, and d, are particle
velocity, momentum exchange coefficient, fluid velocity,
acceleration due to gravity, particle density, fluid density,
drag force coefficient, Reynolds number, and particle di-
ameter, respectively.

In the present study, the Oka erosion model is selected
for erosion estimation.**™*’ Because, in addition to flow
velocity and particle impact angle, Oka erosion model
considers the hardness of wall material and particle size,
which are not included in the Finnie and McLaury erosion



Shrivastava et al.

model available in Fluent making it more accurate.*> The
erosion rate (E) in the Oka model is determined by equation

).
VA /dp\®
o () () o

where Eqg is the reference erosion ratio for an impact angle
of 90°, V, is the impact velocity of a particle, Vg is ref-
erence velocity, dr is reference particle diameter, k; is
velocity exponent, k, is diameter exponent and f(a) is
impact angle function obtained using equation (8).

™)

f(a) = (sina)™ (1 + Hy(1 — sina))™ ®)

where, o, H,, n; and n, are impact angle, Vickers hardness
(Gpa) of wall material, and angle function constants, re-
spectively. Particle-wall collision is considered perfectly
elastic by taking the coefficient of restitution in a normal and
tangential direction equal to unity, after discovering the
minor influence of these parameters upon the quantities of
interest for this study.’® Generally, for sediment concentra-
tion values less than 1% (10,000 ppm), one-way coupling

—m— Experimental values from Benzon et al. (2015)
--©-- Numerical values from this study

el

0.9+
0.8 4
0.7 4

0.6 -

Normalized discharge [-]

0.5+

0.4+

03 T T
0.2 0.4

0.6 0.8
Stroke ratio (S/Dg)

1.0

Figure 8. Variation
stroke ratio.

of normalized discharge with respect to

can be used for reasonable accurate results while investi-
gating hydro-abrasive erosion in a Pelton injector.®* How-
ever, in the present study, a two-way coupling approach is
considered by enabling the ‘interaction with continuous
phase’ option in the DPM panel to capture the interaction
between various phases more effectively and to observe the
effect of the discrete phase on the continuous phase and vice
versa. For solving kinetic energy and turbulent frequency, the
SST K- turbulence model was implemented since the SST
k-o model provides benefits of both standard k-¢ and k-o by
switching between k- away from the wall and k-o near the
wall using the blending function. Pressure-velocity linking
was accomplished through a coupled scheme. While in-
vestigating the effect of sediment size distribution on hydro-
abrasive erosion rate, the distribution of mass of different
sediment sizes is considered according to the Rosin-
Rammler function.’® For capturing the water-vapour, the
Schnerr-Sauer cavitation model is considered; water-vapour
volume fraction (®,) according to Schnerr and Sauer’' is
given by equation (9).

vV, 47R’.n

R
Ve 1+ 4R

)

where, V,, Vg, R and n represent the volume of water-
vapour in a mesh element, volume of mesh element, radius
of water-vapour bubble, and bubble number density,
respectively.

Validation of the numerical scheme

To confirm the accuracy of the numerical scheme, the
variation of normalized flow rate with the stroke ratio was
compared with the experimentally observed values of
Benzon et al.>® for the 150 m of the head. The results
obtained were in good agreement with experimental
values®? as shown in Figure 8, where normalized discharge
refers to the ratio of the local flow rate to the maximum
obtained flow rate.

For a fixed nozzle opening of 0.46 stroke ratio, flow
velocity increases downstream as fluid moves along the
needle tip (Figure 9(a)). Similar results were observed in the
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Figure 9. (2) Variation of flow velocity with respect to radial distance, for 0.46 stroke ratio at 150 m of the head, (b) Variation of velocity
ratio with respect to the radial position at a distance of ‘IDgy’ from the nozzle exit.
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experimental study of Zhang and Casey’’; and at the needle
tip flow velocity is zero similar to Bajracharya et al.’’
Furthermore, to examine the effect of nozzle opening on
the flow velocity in the injector, the normalized flow ve-
locity based on the ratio of local velocity to maximum
possible velocity is plotted with respect to the ratio of radial
distance (y) and nozzle diameter (Do), for a distance of
‘Dy” mm from the nozzle exit (Figure 9(b)). Increasing
nozzle opening increased velocity along the needle tip as
the boundary layer effect was reduced, similar results were
observed in the study of Jeon et al.>

As sediment-laden water enters the injector, its velocity
increases continuously due to a reduction in cross-section.

Velocity
. 1.247e+02

9.190e+01
5.908e+01

2.626e+01

0.000e-00

ms™’

Figure 10. Variation of flow velocity in the Pelton injector along
the axial direction.

However, such an increase in velocity continues only up to
a location a little upstream of the needle tip. A sudden
reduction of velocity takes place at the needle tip due to
boundary layer formation reducing the erosion rate si-
multaneously. For the nozzle, flow velocity continuously
increases till the nozzle exit, making it an erosion hotspot as
shown in Figure 10.**2* Successful validation of the ero-
sion intensity in different regions of the nozzle and needle
was accomplished in the numerical model by taking ge-
ometry and sediment properties similar to the field study” as
shown in Figure 11. To further analyse it, the erosion rate
was plotted lengthwise a strip created along the surface of
the nozzle and the needle. The variation of erosion intensity
in both nozzle and needle along the axial direction was
similar to Guo et al.*® as shown in Figure 12. Therefore, the
numerical scheme used in this study is found to accurately
capture erosion phenomena. Various parameters considered
during this study along with their respective variations are
presented in Table 3.

Results and discussion

The effects of various parameters obtained from numerical
simulation in this study related to sediment, flow, and
operating parameters on erosion rate are presented in this
section along with cavitation assessment on the injector. As
a significant difference in erosion pattern is observed in
injectors with internal and external servomotors, the
analysis of the erosion patterns with the flow behaviour is
also explored and discussed with the available literature.
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Table 3. Sediment, flow, and operating parameters considered in

the study.

Parametric variation considered

Parameter fixed during a particular simulation

Sediment size  Sediment concentration Head  Stroke ratio
Sediment size 3 values (40 pm, 100 pm, 200 pm) - 750 ppm 820m 046
Sediment concentration 3 values (750 ppm, 1500 ppm, 3000 ppm) 40 pm - 820m 046
Head 4 values (200 m, 360 m, 600 m, 820 m) 40 um 750 ppm - 0.46
Stroke ratio 4 values (0.35, 0.46, 0.64, 0.8) 40 um 750 ppm 820 m -

Effect of sediment size

In sediment-laden water, particles of different sizes are
present and a particular size of sediment has a different effect
on both the rate as well as the pattern of erosion in a Pelton
injector.®®*' Generally, the sediment size reaching turbine
components passing through the desilting basin is below
200 um in HPP. However, desilting basins are not 100%
efficient especially during the monsoon season due to the
high influx of sediment and particles with size more than
200 um also entering the turbine components. The bigger
sediment size particles lead to a higher erosion rate in the
nozzle as shown in Figures 13 and 14. This is because the
bigger sediment particles strike the nozzle surface with
higher kinetic energy. Moreover, for bigger sediment size
particles, the formation of erosion ring is observed at just
the start of the convergent region. This is because higher
inertia of bigger size sediment particles leads to a higher
separation angle from curved streamlines.'® In the case of

the needle, the erosion rate decreases with an increase in
sediment size as shown in Figures 13 and 14, also ob-
served in the study of Liu et al.*° This is because smaller
sediment particles follow the fluid streamlines more
closely due to less inertia and strike the region of the
needle corresponding to high flow velocity resulting in a
high erosion rate as shown in Figure 15. Whereas, most of
the bigger sediment particles resist the change in flow path
and strike near the needle neck due to high inertia.
Thereafter, the bigger particles are separated from the
streamlines and leave the injector without striking the
needle corresponding to the high flow region upstream of
needle tip as shown in Figure 15. From Figure 15, it is
inferred that 40 pm size particles follow the streamlines
more closely compared to 200 um size particles. As the
flow velocity is less near the needle neck region due to a
higher flow cross-section, even the higher number of
impacts from bigger size particles does not cause con-
siderable erosion as shown in Figure 13(¢) and (f).
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Effect of sediment concentration

Sediment concentration is at its highest during rainy or
snow-melt seasons, resulting in a higher rate of erosion in
turbine components like injectors. Din and Harmain® re-
ported a maximum concentration of 2000 ppm at Chenani
HPP in 2017; whereas, Boes™ observed it to be 5000 ppm
at Dorferbach HPP in 2008. The maximum value of the
concentration can go as high as 60,000 ppm.®** However,
HPPs are closed prior to such highly concentrated
sediment-laden water coming in contact with critical
components of the turbine as a mitigation measure.
Therefore, the average and maximum sediment concen-
trations generally lie around 1000 ppm and 3000 ppm,
respectively.”'® Based on Figure 16, it is seen that erosion

rates in both needles and nozzles increase as concentration
increases. This enhancement of erosion rate is due to an
increase in the number of particles striking the surface per
unit area while the size of sediment particles remains
constant i.e. 40 um. In both the nozzle and needle, average
erosion rates increase linearly with concentration, as
shown in Figure 17. Similar results were observed in the
experiments of Padhy and Saini'> and Rai et al.'® for
various materials including turbine steel. Further, IEC
6234°° also suggested adopting a linear relation between
erosion and sediment concentration in its empirical rela-
tion for erosion depth. This linear trend in variation of
erosion is due to ‘n’ times increase in the possibility of the
number of sediment particles striking the unit area on
increasing the sediment concentration by ‘n’ times. To
operate a plant at optimum levels in erosive conditions, a
cut-off limiting concentration value should be decided for
every plant as plant components can be severely damaged
at higher concentrations.'® Among a few such attempts to
obtain limiting concentration value for a hydropower
plant, Boes>* and Felix* estimated cut-off concentrations
to be 1100 ppm and 1000 ppm for Dorferbach HPP and
Fieschertal HPP, respectively.

Effect of head of a hydropower plant

The head of an HPP is a design parameter of an HPP affecting
the erosion process, as the head is directly proportional to the
square root of the flow velocity and the flow velocity is the
most dominating parameter affecting the erosion of Pelton
turbines.'® To determine the effect of the plant design head on
the erosion of the injector, the head was varied between 200 m
and 820 m by changing the pressure condition at the inlet in
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Figure 16. Erosion rate on nozzle casing and needle at sediment concentrations (a, d) 750 ppm, (b, €) 1500 ppm, and (c, f) 3000 ppm.

this study. The Reynolds number (Re) at inlet condition for
different heads considered in this study are presented in
Table 4. Usually, Pelton turbines are deployed in hydropower
plants with high heads varying between 150 m and 1300 m.”®
As a Pelton injector can be used to cover a wide range of
heads, the head variation between 200 m and 820 m is

selected. Further, erosion values from two HPP having 360 m
and 820 m heads, i.e. Chenani HPP’ and Kashang HPP, are
also considered for analysing the findings. Pelton turbine
converts pressure energy into kinetic energy before hitting the
buckets, which is why a variation in the head can also be
viewed as a variation in the flow velocity.
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With the head increase, both the nozzle and needle erosion
rate increase as shown in Figure 18(a)—(h). This is due to an
increase in the impact velocity of sediment particles striking
the injector surface with higher kinetic energy. Rai et al.'® as
well as Padhy and Saini'” also observed an increase in erosion
rate with an increase in flow velocity while performing the
experiments on the Pelton turbines. When the head is in-
creased, the average erosion of the nozzle and needle is
steeply increased (Figure 19). As a result, HPPs utilizing
higher heads like Kashang HPP are more prone to hydro-
abrasive erosion as shown in Figure 2. Due to low head and
flow velocities, the Kaplan turbine experiences less erosion
compared to high-head Pelton and medium-head Francis
turbines.” The eroded image of the nozzle and needle from the
Chenani HPP is shown in Figure 18(i) and (j) respectively. All
the studies, relating the erosion rate of the Pelton turbine with
sediment and impact parameters, found the exponent of jet
velocity to be maximum with its value between two and 4.

Effect of nozzle opening

The erosion in a Pelton turbine is also affected by op-
erating parameters, like nozzle opening. As the opening
of the nozzle is increased, the erosion rate in the nozzle
varies minimally as shown in Figure 20(a)—(d), but in the
case of a needle, it decreases to a perceptible level, as
shown in Figure 20(e)—(h). A similar variation in the
erosion rate of the nozzle and needle with nozzle opening
was observed by Messa et al.>* On the nozzle, there is a
wavy pattern of average erosion rate, whereas, on the
needle, a steep drop occurs initially, and then the rate of
decrease of average erosion rate decreases as shown in
Figure 21. As the nozzle opening increases, the flow area
between the nozzle and needle surface increases, re-
ducing the mean flow velocity'® leading to reduced
erosion rate; but, at the same time, the mass flow rate of
the particle also increases enhancing the erosion rate.
Therefore, the overall change in erosion rate with nozzle

Table 4. Fluid-flow Reynolds number (Re) for different heads
considered in the study.

Head considered (m) Re

200 13.74 x 10°
360 18.17 x 10°
600 23.33 x 10°
820 27.29 x 10°

opening depends on the more dominating factor. In the
nozzle, the drop in average erosion rate, from stroke ratio
0.35to 0.46 is due to the dominance of reduction in mean
flow velocity, but with further nozzle opening, an in-
crease in mass flow rate becomes the dominant factor
enhancing the erosion rate. However, the overall change
in the erosion rate of the nozzle with a change in the
stroke ratio from 0.35 to 0.8 is quite minimal. In needle,
the effect on erosion due to a reduction in mean flow
velocity, with an increase in nozzle opening is more
dominant causing a steep drop in average erosion rate
from stroke ratio 0.35 to 0.8. Similar to the present study,
Bajracharya et al.'” and Din and Harmain9 observed the
needle to be more susceptible to erosion during partial
nozzle opening compared with full nozzle opening. This
is mainly due to higher mean flow velocity and inception
of cavitation in partial nozzle opening conditions. Severe
erosion in the needle of Kashang HPP at part load
condition due to the synergic effect of cavitation and
hydro-abrasive erosion can be observed as shown in
Figure 2. Figure 20(i) shows a severely eroded needle of
Chilime HPP due to the synergic effect of cavitation and
hydro-abrasive erosion. It is also observed that the region
in the needle corresponding to maximum erosion shifts
towards the needle tip with an increase in nozzle opening;
a similar result was also noted by Tarodiya et al.*> The
Reynolds number (Re) at inlet condition for different
stroke ratios considered in this study are presented in
Table 5.

Effect of sediment size distribution

In the field conditions, the sediment coming with the
inflow comprises particles of different sizes and is char-
acterised using particle size distribution (PSD). Thus, to
incorporate the effects of the size variation on hydro-
abrasive erosion, PSD 1is considered as shown in
Table 6 and Figures 22-25 for 820 m head, 750 ppm
sediment concentration, and 0.46 stroke ratio. In general,
most of the sediment entering a Pelton turbine has a size of
less than 200 pm due to desilting basins in the waterways.
However, in high sediment concentration flow conditions,
sediment size greater than 200 pm can also enter the
turbine components.”'®'>2! Thus, to incorporate the
extreme cases, a mean sediment size of 200 um is also
considered in this study in addition to 40 um and 100 pm.
For the mean sediment size of 40 pum, the location of
hydro-abrasive erosion remains the same for all the range
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of PSD, i.e. nozzle exit and near little upstream to the
needle tip as shown in Figure 22. Messa et al.** also
observed erosion on the same location by taking sediment
size of 50 pm. Further, with an increase in the range of
sediment size, hydro-abrasive erosion in both nozzle and
needle increases as shown in Figure 22.

In the case of PSD with a mean size 100 um, hydro-
abrasive erosion rings are formed near the convergent

region of the nozzle for all the cases of size variation as
shown in Figure 23 mainly due to the separation of
sediment particles from streamlines. It is observed that
hydro-abrasive erosion in the nozzle is less when PSD is
considered compared to 100 um mono-sized particles as
shown in Figure 25. Further, hydro-abrasive erosion is
only observed in the neck region of the needle for 100 um
mono-sized particles. When broad PSD is considered, the
erosion pattern is observed at regions little upstream to the
needle tip, which further increases with an increase in the
range of sediment size distribution as shown in Figures 23
and 25. This is mainly due to the involvement of smaller
sediment size in the erosion process indicating that the
smaller size sediments have a higher tendency to hit little
upstream to the needle tip; whereas, the larger size sed-
iments have a higher tendency to hit at the needle neck,
similar to Tarodiya et al.?® The variation in hydro-abrasive
erosion with PSD for a mean sediment size of 200 um is
shown in Figures 24 and 25, which is similar to the erosion
with 100 pm. However, due to bigger particles in PSD
with a mean particle size of 200 pm, the maximum erosion
occurs in the neck side of the needle; whereas, in PSD with
a mean particle size of 100 um, erosion is mostly near the
upstream of needle tip as shown in Figures 23 and 24 due
to presence of a greater number of smaller particle size.
Moreover, hydro-abrasive erosion is more severe in the
nozzle and less severe in the needle for 200 pum as
compared to respective cases of 100 um mean PSD as
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Table 5. Fluid-flow Reynolds number (Re) for different stroke
ratios considered in the study.

Stroke ratio Re

0.35 23.38 x 10°
0.46 27.29 x 10°
0.64 33.69 x 10°
0.8 36.85 x 10°

shown in Figure 24. Such observation in the variation of
erosion due to different PSD values is an interesting
finding which assists a designer to focus on specific re-
gions of the Pelton components based on the type of size
variations expected at the actual plant.

Susceptibility to cavitation

From the numerical investigation, a region of low pressure
below vapour pressure of water is observed to form near the
nozzle ring due to a sudden contraction of the nozzle. Thus,
the cavitation model is implemented for further analysis and
water-vapour formation is captured as shown in Figure 26.
In general, at higher flow velocities, the possibility of
cavitation increases due to a reduction in pressure.’*° As
the flow velocity is related to the head of HPP, the effect of
the HPP head on the possibility of occurrence of cavitation
is investigated for head values from 200 m to 1200 m.
Through the cavitation modelling, the volume fraction of
water-vapour was found to increase with an increase in head
indicating a greater number of bubble formations as shown
in Figure 26. Further, as shown in Figure 26, two different
slopes are observed for the water-vapour volume fraction
curve. As the head increases from 200 m to 600 m slight
increase of 6.8% in water-vapour volume fraction is ob-
served; however, as the head further increases from 600 m
to 1200 m, the water-vapour fraction increases rapidly by
42%. Hence, the injectors of Pelton turbine in HPPs
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Table 6. Variation considered in sediment size distribution.

Particle diameter in um

PSD range considered Min. Mean Max.
Mono-sized PSD 40 40 40
Medium-sized PSD 24 40 56
Broad-sized PSD 8 40 72
Very broad-sized PSD 2 40 78
Mono-sized PSD 100 100 100
Medium-sized PSD 60 100 140
Broad-sized PSD 20 100 180
Very broad-sized PSD 5 100 195
Mono-sized PSD 200 200 200
Medium-sized PSD 120 200 280
Broad-sized PSD 40 200 360
Very broad-sized PSD 10 200 390
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Figure 23. Erosion rate on nozzle casing and needle with 100 um mean size for different range of sediment size distribution (a, €) mono-
sized, (b, f) Medium, (c, g) Broad, (d, h) Very broad.
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designed for higher head values are more prone to cavi-
tation, especially above 600 m.

Synergy of hydro-abrasive erosion and cavitation

Cavitation and hydro-abrasive erosion act as a catalyst to
each other increasing the material loss from the compo-
nents. The hydro-abrasive erosion results in a change of
profile of the Pelton turbine, which may cause favourable
conditions for cavitation to occur. On the other hand, the
collapsing of bubbles increases the impact velocity of
sediment particles which further enhances the hydro-
abrasive erosion rate.***> As shown in Figure 27, the re-
gion of water-vapour formation coincides with the region
with the maximum hydro-abrasive erosion in the nozzle by
Din and Harmain,” i.e. Zone I as shown in Figure 11(a) and
Figure 27(c). The maximum damage at the nozzle exit is
mainly due to the synergic effect of cavitation and hydro-

abrasive erosion which prevails at part load conditions, also
observed by Din and Harmain9. Further, as shown in
Figure 26, along with the water-vapour volume fraction, the
hydro-abrasive erosion rate also increases steeply with
increase in the head of HPP for the nozzle. Hence, the
possibility of wear due to the synergic effect of hydro-
abrasive erosion and cavitation in the nozzle increases with
the head causing severe damage to the injector of the higher
head HPPs. However, in needle due to lesser rate in increase
of erosion rate compared to nozzle, the possibility for
synergic effect of hydro-abrasive erosion and cavitation is
lower as shown in Figure 26. From numerical modelling,
the maximum water-vapour volume fraction obtained for
1200 m head was 66%, which is not a sufficient condition
for pitting erosion through cavitation as mentioned by
Rossetti et al.** The present numerical analysis attempts to
locate the most potent region, which has a high possibility
for the occurrence of cavitation pitting in the nozzle with a
change in operating conditions as well as the distortion of
profile because of hydro-abrasive erosion. The same lo-
cation is found to have the maximum possibility of severe
wear due to the synergic effect of cavitation and hydro-
abrasive erosion.

Other than sediment and operating parameters, the de-
sign of an injector also plays a major role in its performance
in hydro-abrasive erosion conditions.”>**% By reducing
the needle angle, more pronounced erosion of the injector
was observed.**®® In such conditions, the needle was af-
fected more than the nozzle.®® In addition to the nozzle-
needle angles, the flow changes due to upstream compo-
nents from the injector like bend in the penstock pipe
significantly affects the pattern and intensity of the erosion
in a Pelton injector.®® Therefore, design parameters should
also be considered and investigated in optimizing the in-
jector for different conditions with potential hydro-abrasive
erosion at a site before manufacturing the prototype turbine.
This can be achieved by modelling the injector with various
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combinations of nozzle-needle angle, bend angle of nozzle
pipe, as well as number and orientation of needle guide
vanes.

Conclusions

The hydro-abrasive erosion in the Pelton turbine injector
components, i.e. needle and nozzle has been analysed for
various sediment parameters in addition to a range of design
heads and nozzle opening conditions in this study. Further,
the cavitation-prone region has also been identified and the
effect of the HPP heads on the possibility of the occurrence
of cavitation is also analysed. The major findings of this
numerical study are summarized below.

® The size of the sediment has different effects on the
nozzle and needle of the Pelton injector. As the size of
sediment particles increases from 40 pm to 200 p
m, the erosion rate of the nozzle increases by two times;
however, the erosion rate of the needle reduces by 0.957
times. This has been mainly because of the dependence
of the path of sediment particles in fluid on its inertia.

e With an increase in sediment concentration from 750
ppm to 3000 ppm, the erosion rate in both the
nozzle and the needle increases by three times in-
dicating a linear increment.

e With an increase in nozzle opening, minimal change
has been observed in the erosion rate of the nozzle;
however, the erosion rate of the needle has been
found to vary quite significantly. The erosion rate has
been found to decrease by 78.1% with an increase in
stroke ratio from 0.35 to 0.8.

e The needle neck is susceptible to erosion due to
sediments with high inertia which are also respon-
sible for the formation of an erosion ring near the
convergent region of the nozzle; whereas, erosion a
little upstream of the needle tip is due to sediment
with less inertia.

® Though the erosion rate of both the nozzle and needle
has increased with the increment of the head from
200 mto 820 m, the rate of erosion in the nozzle
and needle increased by 4.46 and 1.4 times, re-
spectively. Likewise, the possibility of the occurrence
of cavitation is more at the higher head especially
above 600 m designed head. Consequently, the
Pelton injector of a higher head HPP is more sus-
ceptible to the synergic effect of cavitation and
hydro-abrasive erosion. The major region susceptible
to cavitation has been found as the outlet of the nozzle
near the nozzle ring.

Though the individual effects of cavitation and erosion
have been captured in various components of the injector,
this study is limited by the fact that the employed
mathematical model fails to capture the material loss due
to the combined effect of cavitation and hydro-abrasive
erosion, which may result in enhanced injector wear. In the
future, the effect of the eroded profile of the Pelton injector
on the synergy effect of hydro-abrasive erosion and
cavitation can be incorporated. Further, it is recommended

to optimize the Pelton injector for different hydro-abrasive
erosion conditions.
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