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Sediment erosion in turbine materials is caused by various flow phenomena. The
study of these phenomena can identify suitablemeasures tominimize their effect
on the turbine. Various experimental test rigs have been developed alongside
numerical analysis to study erosion and predict wear. In hydraulic turbines,
erosion in Francis turbines is mostly seen at the guide vanes and runners, and
in Pelton turbines, the needle and the bucket regions are the most vulnerable
components. Prediction of wear due to erosion in various parts of the turbine is
difficult, as wear depends on the properties of flow, base material, and sediment.
Past studies have shown that the test rigs developed to investigate erosion have
considered reducing the number of independent parameters to simplify the
experiment. Erosion rates and wear patterns are predicted through both
quantitative and qualitative methods. This article aims to conduct a systematic
review of experimental setups and the results of those studies. This work is
expected to be useful in understanding the vulnerable areas of erosion in
hydraulic turbines and different mathematical relationships developed to
quantify erosion, as well as to know the contemporary understanding in the
sector of experimental investigation of sediment erosion.
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1 Introduction

Sediment erosion is a continuous process as the unwavering force of water disrupts the
shape of rocks, causing the swift-flowing river to carry the sediments along its path. These
sediments are a formidable challenge in hydropower plants as they cause abrasive and
erosive wear in hydropower components and are very difficult to track, especially the
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sediment particles with small size and high hardness like quartz and
feldspar with Mohr’s hardness at approximately 7 (Kapali et al.,
2019). Along with the huge hydropower potential in the Himalayan
rivers, sediments are most prominent in these rivers due to the
young topography, rugged and steep terrain, and constant
weathering (Neopane et al., 2019; Morin et al., 2018). Not only
in the Himalayas, but sediment-loaded water flow in rivers is also a
major challenge in the Andes, Alps, and the Pacific ranges with
extreme flooding due to climate changes resulting in high sediment
concentration during the rainy season (Winkler, 2014).

Hydro-abrasive erosion mostly affects high-head Pelton and
Francis turbines because these turbines’ components are exposed to
extremely high velocity flows as the hydropower plant’s head values
increase. In certain cases, a turbine may have significant damage
even after one monsoon season. Some hydropower components,
such as settling basins, trash racks, desilting basins, and flushing
gates, can filter sediments, but these components are usually only
designed to filter out sediments larger than 200 µm (Thapa, 2004a).
Sediments smaller than 200 µm cannot be removed by filtering. The
turbine components get eroded when highly accelerated water flow
carrying these sediments strikes the turbine. The materials used in
turbines are frequently exposed to sediments that degrade their
structure and functionality. As a result, sediment erosion causes
efficiency loss over time, vibration, cavitation, and increased
maintenance costs (Dahlhaug et al., 2010; Chhetry and Rana, 2015).

Erosion in turbine materials is one form of wear. The rate at
which material is lost due to wear is influenced by various aspects
such as the shape of the surfaces involved, the way they interact, the
characteristics of the materials, the applied force and pressure, the
environmental conditions like temperature and humidity, the
surrounding atmosphere, the properties of the surfaces, and the
relative speeds at which they interact (Thapa, 2004a). Turbine
material wear is classified as erosive wear and abrasive wear.

Erosive wear is generated due to the impact of small particles at
a high angle of attack. Depending upon the material and erodent
speed, the erosive wear could be fatigue erosion if the speed is low,
plastic deformation if the speed is medium for ductile material, and
brittle fracture if the material is brittle. Corrosion in turbine
materials also causes damage fatigue in turbine materials. In
contrast, as illustrated by Figure 1, abrasive wear results from the
impact of big particles at a low angle of attack (Stachowiak and
Batchelor, 2006; Burwell, 1957). Supplementary Table S1 shows a
brief comparison between the Francis and Pelton turbine with
Supplementary Figure S1. S2.

Francis turbines are the most general hydropower turbine type
around the world, with an operation range of low to medium head
conditions (Kaunda et al., 2014). A Francis turbine operates with a
guide vane controlling the flow going into the runner, which rotates
at a certain number of revolutions per unit of time. A Francis turbine
is a mixed-flow reaction turbine with the water flowing in the runner
radially and exiting axially; the turbine is completely submerged in
water (Bansal, 2010). As it is a reaction turbine, the turbine runner
rotates due to the pressure energy and partially due to the kinetic
energy. The most affected parts of this turbine due to erosion are
runner blades, guide vanes, stay vanes, facing plates, and labyrinth
seals (Aslam Noon and Kim, 2017). There are four different types of
erosion in the guide vanes: turbulence erosion is the erosion at the
guide vane (GV) outflow caused by a high fine particle velocity;
secondary flow erosion is brought on by the horseshoe vortex
formed by secondary flow from the clearing gap; leakage erosion
occurs at the clearance gap as a result of the water’s rapid
acceleration; and acceleration erosion occurs as a result of the
coarse particles as the water rotates in front of the runner
(Chitrakar et al., 2016; Chitrakar, 2018). There are three different
types of erosion in the runner: turbulence erosion, which occurs
when tiny particles exit the runner at high speed; acceleration

FIGURE 1
Themechanisms responsible for erosion wear: (A) abrasivewear, (B) erosive wear due to fatigue, (C) erosive wear due to plastic deformation, and (D)
erosive wear due to brittle fracture (Stachowiak and Batchelor, 2006).
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erosion, which occurs when high acceleration occurs at the blade
inlet, wrong stagnation angle erosion and leakage flow vortex
filament; and cross-flow erosion, which is erosion resulting from
blade tilting-induced cross flow from the hub and shroud (Chitrakar
et al., 2019; Chitrakar et al., 2017a). Erosion between the rotating
and stationary parts of the labyrinth seal is due to unstable leakage
and turbulent flow (Brekke et al., 2002; Chitrakar et al., 2018).
Figures 2, 3 show the erosion effects at the Francis turbine runner
and guide vane (Chitrakar et al., 2016; Kumar and Saini, 2010;
Neopane, 2010).

Pelton turbines are impulse-type turbines. Pelton turbines are used
in hydropower plants in regions with high-head water resources and
low flow rates, which are common in the Himalayas. The Himalayas
have very high sediment concentrations with excessive composition of
hard minerals, giving rise to severe sediment erosion problems. The
main components affected by sediment erosion are the injector system
and runner buckets. The main reasons for the accretion of sediment
erosion problems in Pelton turbines are accelerated flows, turbulent
flows, and vortex formations (Brekke, 2002). The injector system
includes a needle, seat rings, and nozzle casing. In real cases, the

formation of a needle guide vortex (NGV) downstream of the
needle guide with secondary flow phenomena, plus the acceleration
in the contraction region, leads to severe hydro-abrasive erosion in the
injector system (Guo et al., 2020; Bajracharya et al., 2019). The erosion
severity in Pelton turbines also depends on the needle opening and is
more susceptible to erosion for low openings (Chongji et al., 2014;
Messa et al., 2019). The erosion in buckets is mainly due to the direct
contact of waterjet and sediment particles flowing into runner buckets
with high velocity. The main regions of runner buckets susceptible to
erosion are the cutout regions, the splitter, and the near outlet
(Bajracharya et al., 2008; Bajracharya et al., 2020; Guo et al., 2021;
Ge et al., 2021). Erosion in runner buckets gets aggravated with very
high particle accumulation and separation in sharp curvatures (Guo
et al., 2021). The cutout back region gets the first direct impact of the
water jet with very high velocity, making it most vulnerable to erosion
(Guo et al., 2021). Similarly, as the flow and bucket motion progress, the
splitter of the runner buckets divides the jet into two halves toward the
curvatures of the bucket to change the direction of flow and extract
forces from the water jet. The sediment particles also have a direct
impact on the splitter of the runner buckets (Ge et al., 2021; Leguizamón

FIGURE 2
Runner of Francis turbine: (A) vulnerable zones of sediment erosion and cavitation (Thapa, 2004a; Chitrakar et al., 2016; Kumar and Saini, 2010) and
(B) runner inlet of Cahua HP (Neopane, 2010).

FIGURE 3
Guide vanes of Francis turbine: (A) erosion phenomena (Chitrakar et al., 2016) and (B) erosion at Jhimruk HP (Thapa, 2004a).
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et al., 2019). The larger sediments affect the starting sections of the
runner bucket curvature due to easy and early separation from the
waterjet flow. Similarly, smaller sediment affects the end sections of the
curvature (near-outflow regions) of the runner buckets due to the lower
capability of separation from the flow (Guo et al., 2021; Thapa, 2004b).
Figure 4 shows the erosion in the injector system and bucket of a
Pelton turbine.

The discussion above shows the importance of developing wear and
erosion models so that erosion can be predicted. Predicting wear is
challenging as the wear depends upon factors such as material
properties, sediment properties, attacking angle of sediments, failure
mechanisms, etc. Many diverse variables and constants have been used
to predict these erosions (Meng ’ and Ludema, 1995). Essentially, the
turbine material is exposed to a complex mechanism of friction and
wear, which also represents a complex tribological phenomenon. Even
though the necessary factors for hydro-abrasive erosion have been
determined, the precise point at which these characteristics lead to
erosion caused by hydro-abrasion is still unclear.

Corrosion due to water flow significantly impacts the durability and
efficiency of hydraulic turbines, especially in harsh or sediment-laden
environments. A comprehensive approach that includes optimized
material selection, advanced designs, and proactive maintenance is
essential to mitigate these effects and ensure long-term operational
efficiency (Predescu et al., 2019). Given that the turbine blades in awater
turbine are constantly exposed to water and dynamic forces, they need
high corrosion resistance and strength. During the load transition,
variations in the turbine and other components can create stresses and
vibrations, leading to stresses and, ultimately, fatigue cracks occurring
due to easy corrosion in such regions (Kumar and Singal, 2015).
Corrosion is one of the possible causes of degradation of the runner
blade assembly besides cavitation wear, abrasion wear, fatigue, and
material defects. The main causes of corrosion and defects in hydraulic
metal structures include corrosion, cavitation, and erosion wear (Niu
et al., 2020). The other factors rather than defects, wear, and surface
heterogeneities responsible for corrosionmight be physical factors, such

as temperature, pH, and salinity of the environment, and chemical
factors, such as high levels of chloride ions or dissolved oxygen
(Predescu et al., 2019). The electrochemical contribution of the
environment can also act together with the erosion and cavitation
phenomenon to enhance the degradation mechanisms.

This review covers the experimental test rigs, empirical
relationships, and the qualitative studies conducted on erosion,
prioritizing the erosion wear effects in Francis and Pelton turbines.
These studies are important because erosion occurs in the runner and
guide vanes of the Francis turbine due to their complex geometry and
operation under mixed-flow conditions. Pelton turbines, operating with
high-velocity water jets, experience erosion on their buckets, especially
in high-head applications. Understanding erosion mechanisms in both
turbines helps improve efficiency, durability, and maintenance
approaches in sediment-rich environments (Zhang and Zhang, 2014;
Mirza Umar et al., 2024).

2 Method

For the most part, Francis and Pelton turbines have been used in
experimental test rigs set up to study erosion in hydraulic turbines.
The research articles related to the experiments conducted in these
experimental test rigs were collected in Mendeley Reference
Manager to address the following research questions:

• What experimental techniques are applied in test rigs to
evaluate erosion in hydraulic turbines?

• How do experimental techniques predict the erosion wear in
hydraulic turbines?

• Can experimental test rigs predict erosion similar to that
observed in actual turbines?

Sediment erosion problems are more prevalent in the
hydropower plants developed in rivers in the Himalayas, the

FIGURE 4
Erosion in Pelton turbine: (A) injector system and (B) bucket [Pic. S. Chitrakar].
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Andes, and the Alps. Most of the articles reviewed considered
erosion in the hydraulic turbines of these regions. The bubble
chart shown in Supplementary Figure S3 illustrates the research
included from different regions around the world. Most articles
reviewed were fromNepal, followed by India and China. Some of the
important erosion models were developed in Japan and Pakistan.
The remaining articles were from South American countries like
Brazil, Chile, and Colombia, where sediment erosion is prevalent,
and from some European countries. Most of the articles included
centered around the wear and erosion in the turbine, the materials
used in the turbine, and experimental test rigs, which are also
illustrated in Figure 5. Some included articles provide
information about the Francis and Pelton turbines and
hydropower plants in general.

3 Experimental studies

Numerous numerical and experimental studies have been
conducted to analyze the sediment erosion in hydro-turbines.
These studies have helped develop a mathematical relationship
between the sediment erosion parameters and different hydraulic
components (Thapa, 2004a; Neopane, 2010; Padhy and Saini, 2009;
Bajracharya et al., 2006; Wood, 1999; Thapa et al., 2021a).
Numerical analysis, like computational fluid dynamics (CFD), is
gaining popularity with recent computational advances. However,
those approaches were developed on simplified assumptions about
material behavior, fluid flow patterns, or boundary conditions that
introduce uncertainties. Experimental investigation gives a real-
world representation to provide a more accurate understanding
of the erosion process and material degradation understanding, but
it could be expensive and difficult to implement. Erosion and wear

have amajor effect on turbine lifetime and performance. Other high-
load, high-friction systems, such as internal combustion engine
compressors, have been found to have comparable difficulties.
Milojević et al. (2023) looked at aluminum alloys reinforced with
cast iron and anti-friction coatings to lower friction and wear in
reciprocating air compressors, leading to noticeable durability.
Potential remedies, in addition to ceramic coatings for reducing
wear in turbine components, may be provided by such material
changes and surface treatments. The study of sediment erosion in
turbine materials in lab conditions could be categorized into two
main categories (Thapa, 2004a; Wood and Wheeler, 1998) based on
the working principles which are: (a) a jet erosion type test rig and
(b) a rotating disc type test rig. Table 1 shows the division of test rigs
in terms of their working principles.

3.1 Jet erosion test rigs

A jet erosion test rig is an experimental rig to evaluate the
erosion resistance of materials when subjected to sediment and
water or air (Karthik and Amarendra, 2019). The major components
are the jet nozzle, from where the high-speed water jet is directed to

FIGURE 5
Distribution of fields and disciples in research.

TABLE 1 Classification of erosion test rigs in terms of their working principle
(Thapa, 2004a; Neopane, 2010; Goyal et al., 2012; Thapa et al., 2012b).

Jet type test rig Rotating disc/arm type rig

Jet erosion test rig Rotating disc apparatus (RDA)

Guide vane cascade rig Pot erosion tester

Pelton turbine test rig Francis turbine test rig
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the test sample; a test chamber, where the sample is placed and is
subjected to the water jet; and the water supplier, which includes the
pumps and pipes to deliver water at a controlled pressure and flow
rate. The model also includes a sample holder to hold the sample
materials correctly, measuring instruments such as the high-speed
camera to observe the erosion process, and a control system to
control the test parameters such as the velocity of the jet. Neilson
and Gilchrist (1967) studied sediment erosion on a material of
aluminum, glass, Perspex, and carbon plates from sediment-laden
gas streams. They examined the impacts of particle shape, velocity,
and angle of attack through experimental results on various
specimen materials with varying physical characteristics. A
simple theoretical analysis is provided to correlate the
experimental data, allowing the prediction of erosion
characteristics at different angles of attack for various materials.
This was one of the early experimental setups of a jet erosion test rig
for erosion testing. Elkholy (1983) studied the abrasive wear on the
materials of slurry pumps, which are aluminum and cast iron, with
Brinell hardness values of 121 and 230, respectively. A jet abrasion
test facility was developed for the experiment with components such
as a test tank, specimen holder, sand entrance, nor bide nozzle,
centrifugal pump, pressure gauge, air supply, variable speed motor,
weight scale, and sample nozzle. The varying parameters for the
experiment were the velocity of the jet, the impingement angle,
sediment with different hardness, such as silica sand, sediment
particle size, and sediment concentrations. The wear resistance
erosion model of cast iron was predicted from the experiment.
Wiederhorn and Hockey (1983) conducted erosion analysis on
several materials to observe how they eroded, compared the
materials in terms of erosion rate at various particle velocities,
and developed a general wear rate equation.

Turenne et al. (1989) utilized a jet erosion test rig configuration
to study erosion on test materials and discovered that slurry erosion
is dependent on the fluid’s characteristics, the erodent’s properties,
operation settings, and the properties of the materials to be
evaluated. A fixed number of sediments was introduced to a
water tank, and the mixture was circulated using an air-powered
slurry pump. Thapa et al. (2005) developed a slurry jet erosion test
rig in which a container with sediment is located along themain flow
line where water is propelled by a centrifugal pump that disturbs the
sediments at the container controlled by the valve. Thematerial to be
tested is kept at the container. Haugen et al. (1995) studied the
erosion damage brought on by sand particles in oil and gas
production equipment, notably choke valves. That study
emphasizes the significance of maximizing design and using
erosion-resistant materials to increase the longevity of these
components. The study tested 28 different materials for erosion
resistance, including tungsten carbide, coatings, ceramics, and
several grades of steel. The findings show that choosing the
proper material may boost a component’s lifespan by a factor of
over 10. Choke valve design optimization can also result in
considerable financial savings.

Erosion modeling with computational fluid dynamics is
essential to anticipate erosion rates and sites. The research
highlighted the importance of material selection and design
optimization in lessening erosion damage in offshore oil and gas
production equipment. Karthik and Amarendra (2019) developed a
slurry erosion test rig based on the concept of a Venturi meter.

Sediments are injected into the main flow from the funnel. The test
specimen, brass, was subjected to erosion at different impingement
angles from 0° to 90°, once with clear water erosion and once with
slurry erosion. Because it is a ductile material, brass was found to
erode more at the 30° impingement angle in both conditions. The
water erosion test was conducted for 10 min, and the slurry erosion
test was conducted for 1 min. Scanning electron microscope (SEM)
results revealed that the slurry erosion created more microcracks in
only a minute at all impingement angles. Yan et al. (2020) developed
a model to estimate the rate of erosion of titanium alloy blades in a
sediment-laden environment while taking into account the effects of
sand fracture, particle size, and velocity. The erosion models
obtained from the experiments based on a jet tester are listed in
Table 2. The details about the test conditions and turbine material
are shown in Supplementary Table S2. Figures 6A, B show the
experimental setup of high-speed sand erosion; the components of
the test rig are a gas inlet from where the air is injected, a sand
feeding device-to inject sand into the test chamber-where the test
material for the erosion to be tested is fixed (Yan et al., 2020;
Burstein and Sasaki, 2000). Supplementary Tables S4A, B show the
jet test rig injector system employed by Zu et al. (1990), Lin et al.
(2006), and Santa et al. (2009).

3.2 Pot erosion testers

Another type of erosion test rig used to examine how different
materials behave when subjected to varying solid concentrations,
impacts, and impact angles is the pot tester (More et al., 2014). As
shown in Figure 13, the experimental setup comprises a revolving
main shaft with test samples and a slurry pot unit with a pot. The
motor is attached at the end of the shaft, which is installed on the lid.
Using a specially designed testing setup, Tsai et al. (1981)
determined that it was possible to see the faster degradation of
three different steel alloys caused by coal and SiC in kerosene. An
experiment was conducted to measure erosion rates, and
dimensional analysis was used to correlate the results. Empirical
constants were determined through regression analysis. The
experiments revealed the effects of factors like particle velocity,
density, concentration, hardness, temperature, and fluid mechanics
on the erosion of materials. De Bree et al. (1982) created one of the
first configurations for the pot erosion tester, which consisted of two
horizontal discs with four specimens within, spinning in opposing
directions on concentric vertical shafts. One such pot tester designed
by W.J. Schumacher had three hubs, which could individually
support eight specimens on a vertical plane while the specimens
were being transported through silt-eroded particles in a stationary
slurry (Schumacher, 1987). This type of erosion tester was used to
characterize erosion and select appropriate materials.

The impact of solid particles suspended in a fluid on a material
surface results in slurry erosion. Slurry erosion test rigs simulate this
process by pumping a slurry mixture onto the test material, typically
using a slurry jet or a rotating impeller. Control over aspects such as
impact velocity, solid particle concentration, and impact angle is
possible with the jet impingement slurry erosion test setup. There
are two main types of slurry erosion test methods: laboratory
simulation testing and pipe wear tests. Although pipeline testing
offers settings more akin to those seen in actual practice, simulation
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TABLE 2 Summary of erosion models based on experiments in the jet tester rig.

Name Base
materials

Erodent and
solvent

Specifications of
specimen

Erosion model Description of the model

Neilson and Gilchrist
(1967)

Aluminum
Glass
Polymer

E: Al2O3

S: Air
N/A W � 1

2M(V2 cos 2 α−v2p)
∅ + 1

2M(V sin α−K)2
ε

α< α0
W � 1

2MV2 cos 2 α
∅ + 1

2M(V sin α−K)2
ε

α> α0

W is the erosion produced by M kg at the angle of attack α and
particle velocity V, kg s−1

K is the velocity component normal to the surface
vP is the particle velocity, m/s

Elkholy (1983) Cast Iron E: SiO2

S: Water
N/A ΔWCI � 1.342 × 10−5C0.682

V (H1
H2
)nd0.616V2.39 1 + sin( α−α1

90−α1 180 − 90)}T{ ΔWCI represents the wear equation of cast iron, kg of iron/kg of
sand
H1 is solid particle hardness, HB
H2 is specimen material hardness, HB
n is a function of H1/H2

CV is concentration by volume, kg m−3

CW is concentration by weight, kg kg−1

V is the flow velocity, m s−1

d is particle diameter, m
T is the time over which wear was measured; s
H1 is the solid particle hardness, HB.
H2 is the pipe material hardness, HB.
α is the impingement angle
α1 is the angle at which wear is developed

Wiederhorn and
Hockey (1983)

Sintered Al2O3

Sapphire
Silicon
Sintered MgO
Fused silica
Soda-lime-
Silica glass

E: SiC grains
S: Air

N/A W(H/KC)6 � A′(v2ρ/H)c(RH2/K2
c )b W is the erosion rate, m3

Kc is the target toughness of material, kg.s−2m1/2

H is the target hardness of the material, Pa
(H/KC)

2 is an index of brittleness
v2 is the particle energy density, that is, the kinetic energy per
unit volume of the particle
R is the radius of the particle impacting, m

Turenne et al. (1989) Aluminum
Glass

E: SiO2

S: Water
N/A W

M � 4.55 p 10−7
f0.33

W/M is the erosion rate, kg/kg
f is the sand volume fraction
M is the mass of the abrasive particles impinged on the surface,
kg
F is the particle flux, kg m−2 s−1

M � F(πd24 )t

Haugen et al. (1995) Al2O3

PSZ (Zirconia)
ZrO2-Y3 (Yttria
zirconia)
Si3N4

SiC
TiB2
B4C
SiSiC

E: SiO2 and Al2O3

S: Oil and gas
N/A E � MPKF(α)Vn

P E is the weight loss of the target material, mg per kg
MP is the mass of sand striking the target material, mg
VP is the particle impact velocity, m/s
α is the particle impact angle, degree
K and n are the constants depending on the physical
characteristics of the materials.
The functional relationship F(α) describes how erosion
depends on the particle impact angle:

F(α) � ∑8
i�1
(−1)(i+1)Ai( απ

180)i

Where A1 = 9.370, A2 = 42.295, A3 = 110.864, A4 = 175.804,
A5 = 170.137, A6 = 98.298, A7 = 31.211, and A8 = 4.170
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testing is still commonly used because of its low cost, ease of setup
and operation, and speed of result generation (Zu et al., 1990). Gupta
et al. (1995) discussed wear in a slurry pipeline with a particular
emphasis on erosion wear brought on by variables such as velocity,
concentration, and particle size. Wear on brass and mild steel pipes
using a pot tester was noted, and connections to forecast erosion
wear were made. For multi-sized slurries, the weighted mean
diameter and created formulae to forecast uneven wear were
calculated. Utilizing local concentration, particle size, and
velocity, the concept helps in pipeline design and optimization by
calculating wear in a pipeline. Pot tester data are a tool for
determining the best conditions for operation and extending
pipeline longevity. However, there is a lack of control over the
erosion parameters. Gandhi et al. (1999) examined the erosion wear
brought on by solid particle cutting in flows containing solids and
liquids. The study focused on parallel flow erosion using a
specifically created slurry pot tester. The studies investigated
various solid concentrations, particle sizes, and velocities and
showed that increasing solid concentration, particle size, and
velocity results in increased parallel flow wear. Velocity has a
greater impact than solid concentration or particle size. In order
to anticipate the wear rate, the research tried to comprehend the
details of erosion by creating correlations and improving power law
connections.

Patil et al. (2011) conducted a study focusing on the wear
caused by erosion of ductile materials in solid–liquid
combinations, particularly on aluminum in a sand-water
slurry. In the study, erosion wear was examined in relation to
factors such as impact angle, particle size, velocity, and solid
concentration using a pot tester. Up to a 45° impact angle, the
erosion wear grew with the impact but reduced beyond that. At
high impact angles, particle size displayed a linear relationship
with erosion wear. The severity of the wear was positively
influenced by solid concentration, although the effect
weakened as concentration increased and velocity had a
substantial impact on eroding wear (Naidu, 1997a). Based on
the investigated factors, a correlation with a 16% error margin
was created to predict erosion wear. More et al. (2014) developed
a pot tester to mimic the erosion wear caused by mixtures of solid
and liquid. The setup consisted of a revolving propeller and a
shaft from the top with a test specimen attached that was
connected to a motor to spin at different speeds from the
bottom. The study concerned how AISI SS304L ductile
material behaved with respect to erosion under various
environmental factors. The impact angle, concentration,
velocity, and impacts of particle size on wear may all be
measured with the pot tester’s design. In order to comprehend
erosion mechanisms, eroded surfaces were subjected to SEM
investigation. The results exhibit strong agreement with
experimental data, allowing for a more accurate wear
assessment of industrial components.

Tarodiya and Gandhi (2019) studied how the erosion rates of
various materials, namely, steel 304L, gray cast iron, and high
chromium white cast iron, vary in slurry conveyance systems
reacting to slurry erosion using a pot tester. The effects of impact
angle, particle size, and velocity on erosion were investigated.
According to power law correlations, erosion rates were observed
to rise with particle size and velocity. However, the erosional processT
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remained constant with varying velocity. Correlations were made to
estimate erosion rates with a maximum inaccuracy of 15%. Among
the materials, white cast iron with a high chromium content
demonstrated higher erosion resistance. Some of the erosion
models from the study are shown in Table 3. Figure 7A, B shows
the experimental setup of the pot tester, which consists of
components such as rotating arms to hold the sample and rotate
inside a pot that contains slurries.

3.3 Rotating disc apparatus

The rotating disc apparatus (RDA) primarily consists of a
rotating disc and an electrical motor to rotate the disk (Rashed
et al., 2016). A revolving disc or arm is immersed in a solution of
water and sediment. Thapa et al. (2007) used an RDA to investigate
the combined effects of cavitation and erosion in turbine materials.
The use of an RDA for erosion and cavitation analyses is discussed
separately in the following sections.

3.3.1 Rotating disc apparatus: erosion setup
Rajkarnikar et al. (2013) designed a setup to carry out erosion

tests on Francis turbine runner blades of aluminum as base material
using the hydraulic parameters of the Jhimruk Hydropower Plant of
Nepal. The motor speed used for the experiment was 1,440 rpm,
which gave a velocity of 15 m/s at the blade’s inlet. The casing of the
RDA was filled with sand and water. Two painted blades were
mounted on the disc, and the setup was operated for about 30 min.
According to Brekke (2002), the rotational motion of the fine sand
particles may have causedmicro erosion, which could be the cause of
the erosion in the outlet region. Similar to this, obstructions in the
flow course cause secondary flow vortex erosion, which is the cause
of the erosion at the inlet edge (Brekke, 2002). After running the
experiment for 350 min, the weight loss in the specimen and the rate
of erosion were calculated, concluding that the effects of sediment
erosion with different materials and coating could be compared with
the RDA setup. Shrestha et al. (2021) studied the amount of erosion
and erosion rate in the cross-flow turbine blade materials of SUS304,
SUS440C, SUS630, SCM440, and STD11, using an RDA.

FIGURE 6
(A) Test equipment for high-speed sand erosion (Yan et al., 2020; Burstein and Sasaki, 2000). (B) Schematic diagram of the blasting nozzle (Yan
et al., 2020).
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TABLE 3 Summary of erosion models based on experiments in pot tester rig.

Name Base materials Erodent and
solvent

Specifications of
specimen

Erosion model Description of the model

Tsai et al. (1981) A-53 MS
304 SS
316 SS

E: Coal SiC
S: Kerosene

Tubular metal
L: 0.05 m
OD: 0.0318 m
Cylindrical tank: OD: 0.20 m
PD: 0.108 m
M: brass

1
VCp

dCS
dt � A(ρPρF)

a(CP
ρF
)b( SS

ρPV
2)c(13.8 SP

SS
)d

Coefficients
A � 6.32× 10−10 a � 4.62
b � −0.54
c � −0.42
d � 0.46
Parameter ranges

1.79 × 10−10 <
dCS
dt

VCP
< 9.33 × 10−8

1.84 < ρP
ρF
< 3.95

9.80 × 10−2 < CP
ρP
< 54.4 × 10−2

0.19 < 13.8 SP
SS
< 0.99

8.38 × 102 < SS
ρPV

2 < 5.94 × 103

δ
DP
� 1 DPρFVP*

µF
≈ 0 VP*

VP
≈ 0

Cp is the particle concentration per unit fluid
volume, kg m−3

dCS
dt is the amount of erosive wear per unit of

surface erosion, kg s−1 m−2

δ is the characteristic thickness of the fluid layer,
m
Dp is the eroding particle diameter, m
SS is the yield stress of eroded material for metals,
N m−2

SP is eroding particle yield stress for minerals,
N m−2

VP* is the mean particle velocity function of fluid
velocity, m s−1

VP is the mean particle velocity’s surface normal
component in relation to the eroded surface, m s−1

ρF is the mass density of the fluid phase, kg m−3

ρP is the mass density of the particle phase, kg m−3

µF is the fluid velocity, N s m−2

Gupta et al. (1995) Brass
MS

E: Copper
S: Water

Specimen
L: 0.045 m
D: 0.003 m
Cylindrical tank: OD: 205 m
H: 0.135 m
M: aluminum

Ewbrass � 0.178V2.4882d0.291C0.516
w

EwMS � 0.223V2.148d0.344C0.556
w

Ew is the erosion wear, m year−1

W is the weight of wear, kg
CV is concentration by volume, kg m−3

CW is concentration by weight, kg kg−1

V is the flow velocity, m s−1

d is the particle diameter, m
T is the duration of the wear measurement, sec
H1 is the solid particle hardness, HB.
H2 is the pipe material hardness, H
α is the impingement angleo

α1 is the angle at which wear is evolving

Clark and Wong
(1995)

Pyrex glass
99.8% alumina
1020 HR steel
API P110 casing steel
OFHC copper
Polymethyalmethacrylate
Acetal
Phenolic

E: SiC, Alumina
S: Diesel oil

Specimen
D: 0.005 m

ET � EC + ED

ET � 1/2MP(V2
N )

ε + 1/2MP(V2
T sin 2α)

φ

ET is the total erosion
EC is the cutting erosion
ED is the deformation
MP is the total mass of colliding particles of
homogeneous size
At impact angle α, the particle’s tangential and
normal velocity components have values of VT

and VN, respectively.
Empirical constants ε and φ are associated with
the unit of kinetic energy for cutting erosion and
the specific energy for deformation erosion

Gandhi et al. (1999) Brass E: Zinc
S: Water

Specimen
L: 0.028 m
B: 0.0065 m
H: 0.002 m
Cylindrical tank: OD: 0.205 m
H:0.035 m
M: aluminum

EW � 2.57V2.56C0.83
W d0.85 Ew is the erosion wear, m year−1

V is the flow velocity, m s−1

CW is the concentration by weight ratio, kg kg−1

d is the particle diameter, m

(Continued on following page)

Fro
n
tie

rs
in

M
e
c
h
an

ical
E
n
g
in
e
e
rin

g
fro

n
tie

rsin
.o
rg

10

Sh
re
sth

a
e
t
al.

10
.3
3
8
9
/fm

e
ch

.2
0
2
4
.15

2
6
12

0

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2024.1526120


TABLE 3 (Continued) Summary of erosion models based on experiments in pot tester rig.

Name Base materials Erodent and
solvent

Specifications of
specimen

Erosion model Description of the model

Patil et al. (2011) Aluminum E: Silica
S: Water

Specimen
L: 0.040 m
B: 0.004 m
H: 0.002 m
Cylindrical tank
OD: 0.245 m
H: 0.15 m
M: aluminum

EW � 0.075θ0.12C1.09
W V3.55d1.37 θ is the impact angle in degree

CW is the concentration by weight, %
V is the velocity in m/s
D is the particle size in m

More et al. (2014) AISI SS304L E: Quartz
S: Water

Specimen
L: 0.030 m
B: 0.005 m
H: 0.002 m
Cylindrical tank
OD: 0.24 m
H: 0.225 m
M: Aluminum

EW � ED(α) + EC

ED(α) � ED90(sin α)3
For normal impact wear

ED90 � 6.62 × 10−14 × K(HP\HT ) × V2.02d1.62C−0.l28
W

EC � 6.204 × 10−12 × f(α) × (MSF)−0.7974(HT)−0.7155V235d155CV

f(α) � 0.9889[sin(π2)( α
αmax

)]0.5898
for 0o ≤ α≤ αmax

f(α) � 0.9186[ sin ((π/2) − (π/2) (α−αmax )
(90−αmax)]4.3044

for αmax ≤ α≤ 90o

V is the velocity of the impact particle, m/s
d is the particle size, µm
CW is the solid particles’ concentration, % by
weight
K is a constant that depends on the hardness ratio
K = 0.42 for HP/HT ≤ 6 (Region-I)
K = 1.0 for 12.3 ≤ HP/HT ≤ 12.3 (Region-II)
K = 1.83 for 12.3 ≤ HP/HT ≤ 27.5 (Region-III)

Tarodiya and Gandhi
(2019)

Steel 304L
Gray cast iron
High chromium white cast
iron

E: SiO2 and Fe2O3

S: Water
Cylindrical tank
D: 0.8 m
H: 0.533 m
M: SS

ER � Kf(α)Vβdγ f(α) � α1[sin(π2)( α
αmax

)]b1
for 0o ≤ α≤ αmax

f(α) � a2 sin[(π2) − (π2)( α−αmax
90−αmax

)]{ }b2
for αmax ≤ α≤ 90o

Steel 304L, a1 = 0.99 b1 = 0.92 a2 = 0.68 b2 = 1.89
Gray cast iron, a1 = 0.99 b1 = 0.57 a2 = 0.64 b2 = 1.96
High chromium white cast iron, a1 = 0.99 b1 = 0.86 a2 = 0.73 b2 = 1.93

V is the velocity of the affecting particle, m/s
d is the size of the particle, µm

Material Constant ERc

Steel 304L K
β
γ

1.51 ×
10−11

2.15
0.71

Gray cast iron K
β
γ

4.75 ×
10−14

3.08
1.31

High chromium white
cast iron

K
β
γ

3.96 ×
10−13

2.78
0.79
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SUS304 had the highest cumulative erosion, while STD11 had the
lowest. Tungsten carbide coatings improved erosion resistance for
SUS304 and SUS440C but increased erosion in coated WC-STD11.
Erosion rates were highest in SUS304 and lowest in STD11, generally
increasing linearly with time. Flow pattern analysis showed similar
velocity patterns in CFT and RDA, with differences in flow
separation and vortex formation due to blade number and
rotation mechanisms. A study by Aryal et al. (2022) compared
the erosion patterns in a guide vane using CFD and the patterns of
erosion using the RDA. The experiment in the RDA was done using
a mild steel specimen in a controlled environment. The study
showed that the flow region around the guide vanes in the RDA
closely matches that of actual turbines and with similar stagnation
points and pressure distributions. The erosion patterns observed in
the RDA aligned with the CFD simulation results, particularly in
high-velocity regions and areas prone to vortex formations. Acharya
et al. (2022) conducted an experiment in an RDA to validate the
erosion induced by the sediments in the sidewall gaps of the Francis
turbine predicted by the CFD method. The experimental setup
aimed to imitate the conditions defined in the numerical model.
The disc rotated at 750 RPM, which is the same as the reference
turbine’s speed. The sediment used in the experiments had a
concentration of around 50,000 parts per million (ppm), with
particles having an average shape factor of 0.68 and a diameter
of less than 150 µm. Two areas of erosion were seen in the
experiment: the first was at the farthest end from the center of
rotation, where the greatest erosion was caused by flow recirculation
and centrifugal forces. The second region is less than a 90-degree
angle to the slot length, where erosion was influenced by both radial
and circumferential velocity components acting on the sediment

particles. Figure 8A shows the RDA experimental rig, which consists
of a disc where the test sample is mounted that rotates from the
torque generated by the motor. Openings include the water-in,
where water enters the apparatus, and the water-out, where the
water exits the setup. The sand-in opening is for adding the sand to
the apparatus. Figures 8B, C show the erosion pattern observed from
the experiment in the RDA and from the CFD done in ANSYS CFX
v18.1 using an ICEM mesh.

3.3.2 Rotating disc apparatus: cavitation setup
Shima et al. (1992) examined stainless steel’s resilience to

cavitation damage in an RDA throughout a large peripheral
speed range of 65–77 m/s. Using a through-hole as the cavitation
inducer, the cavitation number in the research was utilized to
estimate the location and extent of damage on the specimen. The
erosion was observed in the regions where cavitation clouds
collapsed, and higher peripheral velocities resulted in a decrease
in the cavitation number at which maximum erosion occurred.
According to the study, higher peripheral speeds also tend to result
in an increase in the velocity exponent, which shows how much
velocity affects erosion. A fixed static pressure resulted in a greater
velocity exponent when compared to findings obtained with a fixed
cavitation number. Under different test settings, a power law
relationship between the cumulative weight loss and the weight
loss rate was discovered during the erosion acceleration period,
offering insights into the erosion process itself (Zhang et al., 1996).
Bazanini et al. (2008) conducted an experiment to observe the
cavitation pattern and quantify the mass loss due to the
cavitation in an RDA. The setup consisted of a rotating metallic
disk with cavity inducers, such as holes, to evaluate the effects of

FIGURE 7
(A) Pin mill slurry-pot tester (Ojala et al., 2015). (B) Schematic diagram of slurry-pot tester (Sharma and Gandhi, 2020).
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cavitation erosion on metal specimens. The system used a disk and
chamber made of stainless steel, an intermediary device for a more
compact design, and a frequency inverter for motor control in order
to replicate erosion conditions with various periphery velocities for
various disk positions. The test was done on cast iron, aluminum,
and brass at 4,400 rpm with flow velocities of 36.7 m/s for cast iron
and 47.9 m/s for aluminum and brass. The mass loss in the materials
was compared to previous studies done by Veerabhadra Rao et al.
(1980), Vivekananda (1983), and Zhiye (1983). The mass loss of
brass was comparable to the previous studies. However, the mass
loss of aluminum and cast iron was very low and was assumed to be
due to the oxidation of these materials. Figure 9A, B shows the
rotating disk specimens with bubble inducers as pins and through
holes to induce cavitation.

3.4 Guide vane cascade rigs

Guide vanes in a Francis turbine are airfoil-shaped vanes used
for flow regulation. These components are one of the most severely
affected parts in the Francis turbine due to sediment erosion. The
guide vane cascade rig consists of a series of guide vanes arranged in
a controlled manner to simulate the flow conditions experienced in
the actual turbomachinery. The rig allows researchers to investigate

the aerodynamic properties of the guide vanes, including their lift,
drag, pressure distribution, and flow swirling capabilities. The
working principle of a cascade rig involves the passage of fluid
through the cascade of guide vanes that are carefully positioned and
aligned to mimic the flow patterns encountered in the Francis
turbine. Sensors and measurement devices are placed strategically
within the rig to collect data on various parameters such as velocity,
pressure, and temperature (Chitrakar et al., 2016; Thapa et al., 2017).

The cascade rig experiments are used to validate CFD models,
optimize the design of guide vanes, and understand the fundamental
flow phenomena like the leakage flow effect occurring in Francis
turbines. Thapa et al. (2016) proposed two alternative designs and
optimization for the three-guide vane cascade rig and one-guide
vane cascade rig that could replicate the velocity distribution of the
turbine of the Jhimruk Hydropower Plant. The study used both
analytical and CFD methods along with experimental validations to
design and optimize the cascade rig. Supplementary Figure S5 shows
the reference turbine layout and the section considered for the three-
guide vane cascade from the five chosen guide vanes.

Five guide vanes with four flow channels were taken into
consideration for the construction of the reference case guide
vane cascade rig, with two outer GVs forming the cascade walls.
The walls defined by the free vortex flow profile are taken from the
spiral casing center to direct the vane input. Instead of using a

FIGURE 8
(A) Rotating disc apparatus (RDA) (Shrestha et al., 2021). (B, C) Comparison of the erosion patterns in the RDA and CFD experiments (Aryal
et al., 2022).
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circular section, the cascade was created using flat plates of the same
height. The skewness in the velocity distribution and the optimized
design raised the curvature for the inner walls and decreased it for
the outside walls to lessen skewness. The velocity distribution across
the reference design and optimized cascade rig is shown in
Supplementary Figure S5B. The experimental setup of the
cascade rig setup to study the particle image velocimetry (PIV) is
shown in Figure 10. Chitrakar (2018) considered the three-guide
vane cascade rig to test in various GV angles, which could cover 60°

of the full guide vanes of the Jhimruk Hydropower Plant. From the
experiments in the three-guide vane cascade rig setup, Koirala et al.
(2019) found that the erosion at the GV increases the pressure at the
GV outlet. The most vulnerable region of the GVwas found to be the
leading edge, along with the trailing edge and clearance gap.

3.4.1 Particle image velocimetry (PIV)
Particle image velocimetry (PIV) is a technique used to visualize

the velocity of fluid particles by capturing the movement of “seed”
particles like silica, which are introduced into the flow (Grant, 1997).
These particles are chosen for their ability to scatter light efficiently
and their near-neutral buoyancy, and they are tracked using
multiple-exposure photography. The recorded positions of these
particles at different times help to analyze the fluid’s velocity (Adrian
and Westerweel, 2011). This method is used to characterize the flow
after the erosion.

Thapa et al. (2016) used PIV to visualize the velocity distribution
in the guide vane cascade rig. Based on the optimized one-guide
vane cascade rig, the experimental test rig setup was made for PIV
measurements. The flow field at the clearance gap and the mid-span
of the GV is shown in Figure 11A, B. The flow field was found to be
similar to CFD done in ANSYS CFX v15.0, and the grid was done
using the ICEMO-grid method. The pressure values and the velocity
around the GV surfaces are shown in Figure 11C, D. At some points,
the PIV velocity measurements could be seen as less stable than the
analytical velocity, which could be due to the measurements being
conducted at low velocity. Chitrakar et al. (2017b) carried out an

experiment using PIV at different NACA profiles to study leakage
flow through Clearance gap (CG). NACA4412 showed the least
pressure difference compared to the profiles of NACA2412 and
NACA0012, due to the leakage flow, although the clearance gap was
observed to be less.

Similar to the three-guide vane cascade rig, a one-guide vane
cascade rig (Thapa, 2016) could also produce a constant velocity
profile at the runner inlet similar to that of the Francis turbine. The
velocity and distribution for the one-guide vane cascade rig showed
the pressure difference in a symmetric NACA profile. Another study
by Chitrakar et al. (2017a) compared the leakage flow in guide vanes
with different hydro profiles using PIV and found that the leakage
flow in the NACA4412 profile was 1.31% less than the reference GV
used of NACA0012, which causes leakage flow erosion in a
Francis turbine.

4.5 Francis turbine test rigs

A Francis turbine test rig is an experimental setup to evaluate the
performance of the Francis turbine at many operating conditions. A
model of a Francis turbine of a certain hydropower plant is used as
an experimental test setup. An investigation of the erosion in the
Francis turbine runner and guide vane was done with an RDA
because the results of the erosion were very comparable to the
numerical simulation and real case. However, the Francis turbine
test rig has conditions similar to the real case of a turbine.
Quantitative erosion testing on turbine blades can now be
performed using a non-recirculating type of sediment erosion test
setup (Kapali, 2021). The components of the test rig are divided into
hydro-rig components: main pump, pressure tank, sediment
injector, test rig, and hydro-cyclone separator and measuring
components, which include a pressure gauge, pressure
transducers, electromagnetic flow meter, VFD, and pressure relief
valve, as shown in Figure 12. After developing the test rig, the study
also evaluated the erosion patterns and rates on the aluminum test

FIGURE 9
Rotating disk specimens with bubble inducers (A) pins and (B) through holes (Divo Bressan et al., 2014).
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blades of the runner by accelerating sediment concentration. The
erosion rate was also calculated as the quantity of erosion per unit
time of operation as in the Rajkumar model (Rajkarnikar et al.,
2013). The average erosion rate was 0.174 mg/gm/hr. The erosion
rate prediction seemed to be better than the predicted by the RDA, as
the RDA does not consider changes in sediment particle properties
after hitting the sample (Noon and Kim, 2021). An experimental
study was done to study the performance of the pico-hydraulic
Francis turbine using the setup (Kayastha et al., 2020). The study
examined the effects of sediments on turbine efficiency. Hydro-
cyclone separators reduced the sediments going into the turbine.
However, they also cause discharge loss at higher heads.

A study by Poudel et al. (2024) investigated the impact of
sediment-laden flow on the performance of Francis turbines. The
experiments revealed that sediment presence caused efficiency
curves to shift, requiring higher discharge for the same efficiency.
While the maximum efficiency remained stable at smaller GV
openings, it decreased by approximately 1.1% at larger GV
openings. The sediment did not significantly affect the head but
slightly reduced output power. These findings signified the
importance of sediment management in maintaining the
efficiency and durability of Francis turbines, particularly in
sediment-rich regions like the Himalayas. The experimental setup
used for the study is shown in Figure 13.

3.6 High-velocity test rigs

High-velocity test rigs were developed for testing specimens with
varying curvature geometry to replicate the flow hitting a Pelton
turbine bucket (Guo et al., 2020). The specimen material was
aluminum with varying curvatures. Artificial silica sand (coarse
sand) with a size of 256 mm and Baskarp-15 foundry sand (66% free
quartz, fine sand) with a size of 174 mm were the erosive particles
used. The findings of the study were presented by analyzing the
erosion rate for curved specimens. Based on the visual analysis of the
degraded particles, it was concluded that the bulk of the coarse

grains felt closer to the splitter, while the fine grains were seen to fall
farther from it. Moreover, a decrease in the erosion rate was noted
for finer particles, as shown by the weight loss per hitting particle.
This was ascribed to the smaller particles’ reduced impact energy as
well as the potential that some of the finer particles were able to glide
without coming into contact with the surface. Another noteworthy
observation was that the erosion rate, expressed in milligrams per
kilogram, increased as the curved radius of the specimens increased
(Ge et al., 2023). Figure 14 depicts the schematic diagram of the
high-speed test rig.

The Pelton turbine performance and erosion test equipment was
designed to monitor Pelton turbine system performance in real-
world hydropower plant scenarios. The test equipment maymeasure
the turbine’s sand erosion rate in addition to its performance. The
three primary categories of test rig components are hydro-rig
components, electrical components, and measuring and
controlling devices. Supplementary Figure S6 shows the Pelton
turbine erosion test facility. The hydro-rig components include a
reservoir tank, pump, surge tank, penstock pipe and feeding unit,
turbine, drive system, tail race, and settling basin. The electrical
components include an induction generator controller (IGC). The
measuring and controlling devices include two pressure gauges
(liquid-filled and vacuum), a rotary torque transducer, and an
ultrasonic flowmeter (UFM) (Thapa, 2004a). The efficiency loss
was correlated with the change in splitter thickness after erosion.
The correlation showed that there was a 1% loss in efficiency with a
1-mm change in splitter width. The efficiency of the turbine was also
correlated with respect to mass loss only using concentration and
operating hours (Bajracharya et al., 2007a).

The effects of various factors on erosion under actual conditions
have been investigated experimentally. Brass was used to create
erosion quickly in the turbine buckets. Three sides of the tank were
encircled by a cooling water jacket to keep the water temperature
steady. Correlations between the size and concentration of silt
particles and jet velocity, two important parameters, and the
wear rate of Pelton turbine buckets have been established based
on experiments collected for various parameters (Ge et al., 2023;

FIGURE 10
One GV cascade rig test setup (Thapa et al., 2016).
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FIGURE 11
Velocity field: (A) Leakage flow at CG, (B)Mid-span of a GV cascade rig (Chitrakar et al., 2017a), (C) Pressure values at GV surfaces, and (D) Velocity
field around GVs (Singh Thapa, 2016; Thapa et al., 2018).

FIGURE 12
Erosion experimental setup at Turbine Testing Lab, Kathmandu University (Kapali, 2021).
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Bajracharya et al., 2007). Figure 15 shows the schematic diagram of
the Pelton turbine hydro-abrasive test facility.

A consistent rise in the rate of erosive wear with time is indicated
by normalized wear, which is defined as weight loss/initial bucket
weight and increases approximately linearly with running time. This
wear rate fluctuates greatly when comparing different particle sizes
and concentrations, yet it stays constant for a given concentration
and particle size. The erosive wear rate also increases with higher
concentrations, although the rate is not consistent across different
size ranges. The normalized erosive wear shows a rising trend as the
particle size increases, especially at higher concentrations, especially
at 10,000 ppm. This pattern is also shown when comparing the mean
particle size (D50) for different concentrations. This finding aligns
well with previous studies in the field. Investigating normalized wear
per unit discharge versus jet velocity for a fixed size and
concentration reveals that the erosive wear rate follows a power
law relationship with respect to jet velocity, expressed as W∝ vn.
The experimental determination of n yields a value of 3.79, which is
consistent with findings from other investigations focused on Pelton
turbines (Leguizamón et al., 2019; Padhy and Saini, 2012).

A consistent rise in the rate of erosive wear with time is indicated
by normalized wear, which is defined as weight loss/initial bucket
weight and increases approximately linearly with running time. This
wear rate fluctuates greatly when comparing different particle sizes
and concentrations, yet it stays constant for a given concentration
and particle size. The erosive wear rate also increases with higher
concentrations, although the rate is not consistent across different
size ranges. The normalized erosive wear shows a rising trend as the
particle size increases, especially at higher concentrations, especially
at 10,000 ppm. This pattern is also shown when comparing the mean
particle size (D50) for different concentrations. This finding aligns
well with previous studies in the field. Investigating normalized wear

per unit discharge versus jet velocity for a fixed size and
concentration reveals that the erosive wear rate follows a power
law relationship with respect to jet velocity, expressed as W∝ vn.
The experimental determination of n yields a value of 3.79, which is
consistent with findings from other investigations focused on Pelton
turbines (Leguizamón et al., 2019; Padhy and Saini, 2012).
Figure 16A–C shows the bucket of the Pelton turbine after the
experimentation in the erosion test facility.

Padhy and Saini (2012) studied the impact of Pelton bucket mass
loss on turbine output and efficiency. The operating parameters
(flow velocity, operating time) and sediment parameters (silt size
and concentration) were studied to develop the correlation with
efficiency loss using the experimental data. The bucket shape
alteration was also responsible for further efficiency loss. The
efficiency loss trend shows the initial high rate of efficiency loss
with a slowly decreasing trend that became asymptotic over a
prolonged period of turbine operation. The study also explored
the impact of sediment shape and size on turbine erosion, utilizing
experimental and computational analyses. Utilizing fast Fourier
transform (FFT), the research identifies particle shapes and
numbers that will further help quantify their impact on turbine
materials. Digital image processing and regression analysis were
used to characterize their effects. Results showed that irregularly
shaped particles of smaller size caused higher erosion rates than
larger ones of the same shape. The study reveals a gradient of erosion
capacity of sediment from upstream to downstream locations, with
higher erosion in the higher altitudes and lower erosion in the lower
altitudes. The study also noted that abundantly available shapes of
sediment have a greater impact. Elongated particles are profuse in
rivers and have the highest effect on erosion among all other particle
shapes (Poudel et al., 2012). Two main erosion mechanisms are
dominant in the erosion of a Pelton turbine: cutting/abrasive and

FIGURE 13
Schematic experimental setup at Hydropower Research Centre for Himalayan Region, Wuhan University (Poudel et al., 2024).
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surface fatigue/erosive wear. The cutting erosion mechanism is
dominant for the outlet and splitter vicinity regions. The surface
fatigue and plastic deformation erosion mechanism is dominant for
the splitter. The erosive wear mechanism is dominant for bucket
depth regions (Padhy and Saini, 2012). The bucket depth is the most
eroded region. Abgottspon et al. (2013) performed a wear study on
the Pelton turbine bucket, splitter, and cutout regions before and
after the increment of suspended sediment concentrations during
peak seasons. The study showed the importance of accurate
measurement and monitoring of two main sediment parameters,

suspended sediment concentration and particle size distribution, to
understand how progressive erosion degrades turbine efficiency.
The results will be significant for the design, operation, and
maintenance optimizations of the reference hydropower. The
study performed suspended sediment monitoring (SSM) using
different types of monitoring devices that are based on different
operating physical principles. The devices are turbidimeters (in-line
and submerged), acoustic discharge measurement (ADM), and a
laser diffractometer. The turbidimeters had a problem with signal
drift due to particles blocking optics. Turbidimeters with self-

FIGURE 14
Experimental arrangement of high-speed test rig (Thapa, 2004a).

FIGURE 15
Schematic diagram of the Pelton turbine hydro-abrasive test setup (Thakur et al., 2017a).
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cleaning systems or optics that are not in contact with sediment-
laden flow (free-falling jet type) are suggested. Laser diffractometers
measure both suspended sediment concentration and particle size
distribution, and for the flows with variable particle sizes, laser
diffractometers measure suspended sediment concentrations more
accurately than turbidimeters and ADM devices because these
devices are based on particle size-dependent calibration.

3.7 Special test rigs

3.7.1 Integrated test rig
An erosion test system for hydraulic machinery (ETS-HM) was

developed by Lu et al. (2014) that was capable of performing an
erosion study incorporating the synergetic effect of cavitation and
sand erosion. The test system comprises three different test modes,
as shown in Supplementary Table S3. The venturi-section water
tunnel rig and rotating disk test can measure both the cavitation and
sand erosion, whereas the rotating disk with nozzle injector is only
capable of measuring the sand abrasion, that is, without cavitation.
The test system used programming logic control (PLC) to
automatically control the pumps, valves, and sensors. The test
system is also composed of high-technology measurements and
instrument tools. The eroded sample’s weight loss was evaluated
using a high-precision analytical electronic balance, and the eroded

volume was calculated by integrating the erosion depth and using a
3D auto surface profiler to produce the eroded surface’s shape. The
test system provided insights into the estimation of cavitation and
sediment erosion in a Francis turbine. The schematic diagram of the
integrated coalesced test facility for ETS-HM is shown in Figure 17.
Another integrated test rig used for validating the sand erosion
models consists of a specialized pipeline setup equipped with an
elbow section where multiphase flow can be simulated. It includes
mechanisms for controlling and varying flow rates, pressure, and
sand concentration. The rig is instrumented with sensors to measure
erosion rates and particle velocities, allowing for accurate data
collection and analysis (Kang and Liu, 2020).

3.7.2 High-temperature erosion test rig
The high-temperature erosion test rig is a sophisticated

apparatus designed to assess the erosive wear of materials under
controlled, high-temperature situations. It featured independent
temperature control for impact particles, air, and test pieces,
allowing precise regulation up to 900°C. The setup included a
chamber that prevents oxidation of test pieces, ensuring
consistent testing conditions. Particles are heated and accelerated
by hot air to impact the test specimens, which can be adjusted to
impact angles from 0° to 90°. The design enabled accurate and
reproducible measurements of erosion rates, making it particularly
effective for evaluating the wear resistance of materials like S50C

FIGURE 16
(A) Pelton bucket surface after experiments, (B)magnified view of a splitter, and (C) Pelton turbine bucket’s outlet edge showing the flow direction
(Padhy and Saini, 2009).
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steel, SK3, and high V–Cr–Ni stainless spheroidal carbides cast iron
(SCI-VCrNi) at elevated temperatures (Shimizu et al., 2009).
Figure 18A, B shows the schematic and picture of the high-
temperature erosion test rig.

3.7.3 Slurry erosion test loop rig
The slurry erosion test loop rig (Wu et al., 2011) consisted of two

primary experimental flow loops designed to simulate different
erosion conditions. The slurry flow test loop featured a 3000-L
agitated slurry holding tank, a Warman 3 × 2 slurry pump, and an
Emerson magnetic flowmeter. It employed silica sand particles with
a median diameter of approximately 200 μm, mixed with tap water
at a 7% concentration, and recirculated through a pipe with an
internal diameter of 53 mm at velocities ranging from 0 to 10 m/s.
The air/solids flow test loop, on the other hand, used a Robushi E106
75 kW blower to recirculate sand or glass particles with diameters of
50–500 μm at a maximum velocity of 80 m/s. The test pipe sections
in this loop had a minimal diameter of 100 mm. A mixing tank with
an agitator was employed to study erosion on rotating impellers,
utilizing sands or glass particles with diameters ranging from 100 µm
to 200 µm. This setup allowed for comprehensive testing of erosion
patterns across different flow regimes and equipment
configurations.

4 Erosion models

The erosion models are mathematical equations that show the
relationship between erosion rate and influencing factors, and they
are developed based on the data collected through controlled
experiments. The related parameters are systematically varied in
the laboratory setting to observe the corresponding erosion effects.
The resulting data are then analyzed using statistical approaches to
formulate predictive equations that describe erosion behavior under
specific conditions. Erosion is then defined based on mass loss per
unit mass of material, mass loss per unit area and time, volume
eroded, thickness loss with time, etc. These models are essential tools
for erosion prediction of similar turbines with insights into
designing, optimizing, and maintaining hydraulic components,
ensuring their efficiency, reliability, and longevity. The types of
experimental setups vary for the purpose of the study and working
principle of the turbines. Most of the previously designed test rigs are
based on simplified assumptions and cannot replicate the operating
conditions and erosion mechanism occurring in actual hydropower
plants. Thus, the current erosion models have not been found to
reliably or accurately predict erosion. The subtopics below explain
the various erosion models developed based on the types of
experimental setups for erosion study on materials and Francis
and Pelton turbine components.

4.1 Erosion models based on experiments in
jet tester rigs

In a jet tester rig, erosive conditions are introduced by directing a
high-speed jet of abrasive particles suspended in fluid at a target
material. In this setup, key variables such as particle velocity, particle
size, impact angle, and the properties of both the abrasive material

and the target surface can be measured and controlled. Neilson and
Gilchrist (1967) used aluminum, glass, and polymer as the base and
target materials to study erosion in a jet tester rig. The abrasive
particles were alumina in an air jet with angle of attack, particle
velocity, and concentration as the control variables. The erosion
equation from the experiment with erosion rate being calculated as
the mass loss per unit time of abrasive particles impacting the target.
Elkholy (1983) conducted an erosion study on cast iron with silica as
the erodent in water. The control variables were volume
concentration, mass concentration, and diameter of particles,
along with angle of attack and particle velocity. The derived
erosion equation is calculated as mass per unit mass of abrasive
materials, and the equation also depends upon the hardness of base
materials and erodent along with the concentration, diameter of
particles, angle of attack, and particle velocity. Wiederhorn and
Hockey (1983) used five different test materials, namely, sintered
alumina, sapphire, silicon, sintered magnesium oxide, and fused
silica. Carborundum grains in the air were used as the erodent in the
experiment. The control variables in the experiment were the
particle concentration, particle velocity, size of the particle, and
the impact angle of the jet. The derived equation is in terms of the
volume loss of the base material depending upon the toughness,
hardness, and brittleness of materials along with the size of the
particle and angle of attack of the jet. Turenne et al. (1989) studied
the erosion properties of aluminum and glass when exposed to silica
in water. The control variable was the concentration of the particles
in water. The erosion rate equation is in terms of the weight loss of
the base material per unit gram. Haugen et al. (1995) tested alumina,
zirconia, yttria zirconia, carborundum, and titanium diboride
materials using silica and alumina as erodents and oil and gas as
solvents. The control variables in the experiment were the mass of
the particle, particle velocity, and the impact angle of the jet. The
erosion rate equation was calculated as the weight loss of the base
material per unit kilogram. Yan et al. (2020) conducted an
experiment on an alpha-beta titanium alloy having a strong
specific strength and resistance to corrosion. The erodent used
was quartz in an air jet. The control variables in the experiment
mainly were the particle concentration, particle velocity, size of the
particle, and the jet impact angle. The erosion rate was calculated as
milligrams per gram. The details about the tested specimen, erodent,
and erosion model equation derived from the experiments are listed
in Table 2.

4.2 Erosion models based on experiments in
pot tester rigs

The pot tester rig consists of a cylindrical vessel filled with a
slurry of abrasive particles and fluid. The speed of the impeller, the
concentration of abrasive particles, and the properties of the fluid are
controlled to mimic different erosion conditions in a pot tester rig.
Tsai et al. (1981) experimented on A-53 mild steel, 304, and
316 stainless steels with coal and carborundum particles as the
erodent in kerosene. The resulting equation derived from the
experiment gives erosive wear rate per unit area, which depends
upon the concentration of eroding particles, diameter of eroding
particles, properties of base materials, and velocity of eroding
particles. Gupta et al. (1995) studied the erosive properties of
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brass and mild steel when exposed to erosion due to copper in water.
The erosion equation for both the materials derived from the
experiment gives erosion in terms of erosive wear per unit time,
and the wear rate depended on the concentration by weight of
particles, particle diameter, and flow velocity. Clark and Wong

(1995) used different materials to test erosion properties with
carborundum and aluminum in diesel. The erosion rate equation
from the experiment is the sum of cutting erosion and deformation.
Patil et al. (2011) subjected silica particles in water to a pot tester rig
to study the wear in aluminum. The erosion equation gives the

FIGURE 17
Arrangement of an integrated coalesced test facility for ETS-HM (Lu et al., 2014).

FIGURE 18
(A) Schematic diagram of high-temperature erosion test setup. (B) High-temperature erosion setup (Shimizu et al., 2009).
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erosion rate, which depends upon the impact angle along with the
concentration by weight of the particles, flow velocity, and diameter
of the particle. More et al. (2014) used AISI steel and SS304L as base
materials, which were subjected to erosion by quartz and water
mixture in a pot tester. The hardness of the erosive particles, flow
velocity, impact angle, diameter of the erodent particles, and particle
concentration by weight all affect the erosion rate, which is
determined by the erosion equation. Tarodiya and Gandhi (2019)
used 304L steel, gray cast iron, and high chromiumwhite cast iron as
the testing materials. Silica and iron oxide particles in water were
used as the mixture in the pot. The erosion rate derived from the
experiment depended upon the impact angle, velocity of the
impacting particles, and diameter of the particles. The details
about the tested specimen, erodent, and erosion model equation
derived from the experiments are listed in Table 3.

4.3 Erosion models based on experiments in
Francis turbine test rigs

In the Francis turbine test rig, erosion is induced with a test setup
similar to that of a hydropower plant. Even though Finnie, Tabakoff,
and Grant’s erosion model and Oka’s erosion model are not derived
from the experiments in a Francis turbine test rig, these erosion
models have been found to accurately predict the erosion rates in the
Francis turbine. Finnie (1960a) conducted experiments on various
ductile and brittle materials when exposed to alumina and silicon
carbide in air or water. The erosion is predicted in terms of the
volume of materials eroded, which depends upon the mass of the
particles, flow velocity, impact angle, shape factor, and the diameter
of the ring crack. Themodel described by Grant and Tabakoff (1973)
predicted erosion by studying wear in aluminum alloy when exposed
to alumina particles in water. The erosion rate equation derived is in
terms of the velocity of particles, the angle of impingement, and the
angle of maximum erosion. Bardal’s erosion model equation
describes a general form of erosion equation, which gives erosion
in mm/year and depends upon material properties, particle
concentration, flow velocity, and impact angle (Bardal, 1985).
The Oka erosion model used different materials to predict the
wear when subjected to silica and silicon carbide in water and air
(Oka et al., 1993). The erosion rate is in terms of particle density,
fluid velocity, particle velocity, hardness of particles, and the impact
angle. The erosion rate equation derived by Tsuguo (1999) predicted
loss of thickness per unit of time, which depends upon turbine
coefficient, flow velocity, hardness, shape, and size of the erodent
particles. The IEC standard (IEC, 2009) equation to predict erosion
depth depends upon flow velocity, particle load, concentration, and
material properties. Thapa modeled the erosion rate equation,
studying the hydropower with a Francis turbine. The size, shape,
and hardness of the abrasive particles all affect the expected erosion
rate. The Rajkumar model measured the weight loss following
erosion to estimate the erosion rate (Rajkarnikar et al., 2013).
The base material subjected to wear was aluminum, with the
mixture of sediment particles in water as the erodent. The
Nandakumar erosion model (Huang et al., 2008) is based on the
Finnie and Bitter erosion models. The experiment was done on three
different materials: aluminum, copper, and SAE-1055 steel, using
carborundum as the erodent in water. The derived equation depends

upon the total mass of the erodent, the width of deformation due to
erosion, the density of the particle, the diameter of the particle, the
flow velocity, and the angle of impingement. The details about the
tested specimen, erodent, and erosion model equation derived from
the experiments are listed in Table 4.

4.4 Erosion models based on experiments in
Pelton turbine test rigs

Most of the correlations for the erosion rate of Pelton turbine
components were developed with respect to sediment characteristics
(size, concentration, and mineral content), operating conditions (jet
velocity, impingement angle, and operating hours), and base
material properties (hardness and wear resistance coefficient).
The authors have also accounted for sediment shape and
hardness (Naidu, 1997b; Asthana, 1997; Tsuguo, 1999). In the
past, silica sand was used mostly for erosion experiments with an
air medium (Finnie, 1960b; Bitter, 1962; Neilson and Gilchrist, 1968;
Hutchings, 1981). Brass and bronze were used as the base material
for rapid erosion results (Bain and Bonnington, 1970; Naidu, 1997b;
Padhy and Saini, 2009). The erosion models were able to predict
material erosion but were still not applicable to predicting the
erosion of hydraulic components. Later, river sand or quartz was
used as sediment with martensitic steels as the base material, which
are abundantly used material in hydraulic components. The test rigs
simulating the actual condition of the Pelton turbine were
developed, providing improved correlation for erosion prediction.
Most of the erosion models are developed for bucket erosion. The
correlation for efficiency reduction has also been developed using
the erosion models (Padhy and Saini, 2009; Bajracharya et al., 2008).
Liu et al. (2012) and Liu et al. (2019) have developed erosion
correlations for a Pelton injector system: needle, nozzle, and
buckets. Currently, erosion models are developed for various
types of bucket materials: 13Cr-4Ni, 16Cr-4Ni, 16Cr-5Ni, and
coated materials: 13Cr-4Ni with plasma-sprayed Cr2O3 coating
and 13Cr-4Ni with a WC Co-Cr high-velocity oxygen fuel
(HVOF) coating (Rai et al., 2020). The various types of erosion
models developed for erosion prediction of Pelton turbine
components with parameters and model descriptions are
discussed in Table 5.

5 Turbine material wear

The erosion and wear of turbine components are significantly
influenced by the material properties of the turbine blades and other
surfaces in contact with water. Various studies have emphasized the
role of material composition, hardness, and surface roughness in
determining the erosion resistance of these components (Nakamoto
et al., 1993; Sharma and Gandhi, 2021). Commonly used materials
include alloys of stainless steel and carbon steel with composite
coatings, each exhibiting distinct wear characteristics under different
operational conditions. Sharma and Gandhi (2021) studied wear in
CA6NM, which is a version of turbine steel used in Bhilangana
Hydropower, using SEM photographs. Experimental studies on
another turbine steel, CF8M steel with various HVOF sprayed
coatings, have shown that WC–10Co–4Cr coatings significantly
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TABLE 4 Summary of erosion models based on experiments in a Francis turbine test rig.

Name Base material Erodent and
solvent

Erosion model Description of the model

Finnie (1960a) Ductile and Brittle Materials E: Aluminia
SiC
S: Air/Water

Ductile materials

Q � mV2

pψK (sin 2α − 6
K(sin α)2) if tan α≤ K

6

Q � mV2

pψK (K(cos α)2
6 ) if tan α≥ K

6

Brittle materials, d � (constant) (V sin α)0.4

Q is the volume of materials eroded,
m3. m is the single abrasive grain of
mass, kg
V is the velocity of the fluid, m/s.
d is the diameter of the ring crack, m
p is the shape factor
ψ is the impact angle of the particle
relative to the surface in °

α is the impingement angle in °

K is the erosion constant or
coefficient

Grant and Tabakoff
(1973) and Kang et al.
(2016)

Aluminum alloy E: Alumina
S: Water

E � f(γ)(VP
V1
)(cos γ)2[1 − R2

T] + f(VPN)
f(γ) � [1 + k2k12 sin(γ

π
2
γo
)]2

RT � 1 − vp
v3
sin γ f(VPN) � (vpv3 sin γ)4

k2 � 1.0 if γ≤ 2γ0{ }
k2 � 0.0 if γ> 2γ0{ }
V1 � 1/

��
k1

√
V2 � 1/

��
k3

4
√

V3 � 1/
��
k4

√

E is the erosion rate, kg/m2

Vp is the velocity of particles, m/s
γ0 is the angle of maximum erosion
V1 is the reference velocity 1, m/s
V2 is the reference velocity 2, m/s
V3 is the reference velocity 3, m/s

Bardal (1985) N/A E: mixture of many
sediments like quartz
S: Water

W � Kmat .Kenv .C.Vm
p W is the erosion rate, m/year

Kmat is the material constant
Kenv is the constant according to the
environment, C is the concentration
of particles, kgm−3.
f(α) is a function of impingement
angle α
Vp is the velocity of the particle, m/s.
m is the velocity exponent

Oka et al. (1993) Tool steel
Carbon tool steel, iron, copper,
aluminum, polymethyl
methacrylate, polyvinyl chloride,
ABS copolymer, nylon-6

E: SiC, silica
S: Water, Air

E � k.(ρPV2

H )m .(sin(θ))n E is the erosion rate, m3kg−1

ρP is the particle density, kg.m−3

V is the velocity of the fluid, m/s
H is the material hardness of the
particles, HB
θ is the impact angle in °

Tsuguo (1999) Stainless steel E: Silica
S: Water

W � β, Cx .ay .k1.k2.k3.Vm W is reduction of thickness over
time, m/year
β is the coefficient of the turbine at
the degraded portion
V is the relative velocity of flow, m/s
The average grain size coefficient,
denoted by α, is based on a unit value
of 0.05 mm k3 is the material’s
abrasion resistance coefficient,
whereas k1 and k2 are the shape and
hardness coefficients of the sand
particles

IEC standard IEC
(2009)

Steel E: mixture of sand
sediments like quartz
and feldspar
S: Water

S � W3.PL.Km .Kf S is the abrasive depth, m
W is the characteristic velocity, m/s
PL is the particle load, which is
determined by integrating the
particle concentration across time
Km is the material factor
Kf is the flow factor

Thapa et al. (2012a) Steel E: Quartz, Feldspar
S: Water

E � C.Khardness .Kshape .Km .Kf .a.sizeb

ηr = a.(erosion rate)b [%/year]
E is the erosion rate, m/year. ksize,
kshape, and khardness are the factors
that characterize the relationship
between abrasion and the abrasive
particle’s size, shape, and hardness
Km is the variable that describes how
abrasion and the base material’s
qualities relate to one another
Kf is the variable that describes how
abrasion and water flow relate to

(Continued on following page)
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enhance erosion resistance due to their higher hardness than
Al2O3+TiO2 coatings, which exhibited lower resistance owing to
unmelted particles that caused spalling and higher erosion rates
(Kumar Goyal et al., 2012). These coatings demonstrated distinct
erosion behaviors, with WC–10Co–4Cr displaying a mixed ductile
behavior, while Al2O3+TiO2 exhibited brittle erosion behavior.

Considering the wear in turbine materials, statistical processing
of the obtained results can lead to better optimization of turbine
design andmaterials. By statistical processing of test data, an optimal
selection or protection of turbine materials can be made in order to
prevent failures, as well as loss of flow or reduction in efficiency in
turbine operation. In addition, by applying appropriate
distributions, turbine maintenance can be planned to prevent
sudden failures, as well as the procurement of spare parts, which
is also important from a safety perspective. A research work (Panic
et al., 2023) demonstrates the application of theWeibull distribution
to model wear patterns in turbine blades, enabling predictive
maintenance scheduling. In addition, given the very useful
database obtained during the testing of both turbines on the test
rig, it is very important to note that the application of some of the
statistical data processing methods can contribute to better
optimization and reduction of costs and resources during design.
Milojević and Stojanović (2018) used the Taguchi method and
artificial neural network (ANN)-based models to analyze the
effects of material, load, and sliding speed on wear, and similar
approaches can be applied to predict and mitigate erosion in
turbines. Gajević et al. (2024) used the Taguchi, GRA, and
TOPSIS methods to analyze the characteristics of aluminum.
These methods can also be applied to identify optimal operating
parameters like load, sliding speed, and material composition, which
can help to minimize erosion, adhesive wear, and delamination in
turbines. The water flow does not need to have a direct impact on the
turbine bearings as they do not come in contact with water, but a

review study done by Dhanola and Garg has shown that a new
bearing design could help decrease the wear in turbines (Dhanola
and Garg, 2020).

6 Summary and conclusion

The issue of sediment erosion in high-head flows poses
significant challenges to the efficiency and longevity of turbines.
It has been necessary to study the effects of erosion to predict its
effect at the earliest possible stage. The investigation of sediment
erosion in turbine materials through diverse experimental test rigs
and analytical techniques represents a crucial endeavor in turbine
engineering. The use of specialized setups such as the jet erosion test
rig, rotating disc apparatus (RDA), guide vane cascade rig, Pelton
turbine test rig, and Francis turbine test rig has made studies into
erosion phenomena at critical turbine components possible. These
experimental platforms have also enabled us to visualize and
measure the wear in materials through various analyses of
erosion effects. The experimental tests have helped to establish
the correlation between many various variables involved in
turbine erosion. This study also reveals trends in how
experimental studies have evolved over time.

The prediction of erosion wear remains a difficult task
influenced by factors ranging from fluid dynamics to material
properties and operational conditions. Recently, there have been
progresses in the study of erosion and cavitation, such as the
coalesced effect erosion system study in which the joint effects of
erosion and cavitation could be examined, and Francis and Pelton
turbine test rigs in which the test condition could be made similar to
the hydropower plants. Future research could include more
variables, such as corrosion phenomena in the experimental
investigation, to be more realistic and focus on enhancing

TABLE 4 (Continued) Summary of erosion models based on experiments in a Francis turbine test rig.

Name Base material Erodent and
solvent

Erosion model Description of the model

each component
Empirical constants a and b are
termed as
a = 351.35, b = 1.4976 for a quartz
content of 38%
a = 1,199.8, b = 1.8025 for a quartz
content of 60%
a = 1,482.1, b = 1.8125 for a quartz
content of 80%

Nandakumar (Huang
et al., 2008) et al

Aluminum
Copper
SAE-1055 steel

E: SiC
S: Water

ER � ΔQ
m � Dρ0.1875p d0.5p V2.375

0 (cos θ)2(sin θ)0.375 ER is the erosion rate, m3s−1

ΔQ is the volume loss, m3. m is the
total mass of the erodent, kg
D is the width of deformation due to
erosion, m
ρp is the density of the particle,
kg m−3.
dp is the diameter of the particle, m
V0 is the flow velocity, m/s
θ is the angle of impingement °

Rajkarnikar et al.
(2013)

Aluminum E: Sunkoshi sample
sediment
S: Water

er � Wi−Wj

Wi*Δt *100
er is the erosion rate after the test;
that is, Wi is the initial weight of the
test specimen in kg, Wj is the weight
of the specimen after test j in kg, and
Δt is the test duration in s
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TABLE 5 Summary of erosion models based on experiments in a Pelton turbine test rig.

Name Base material Erodent and
solvent

Erosion model Description of the model

Finnie (1960b) Ductile material E: Silica sand
S: Air

Equation 1: if α ≤ 18.5°

Q � MV2

8P (Sin 2α − 3Sin 2α)
Equation 2: if α ≥ 18.5°

Q � MV2

24P (Cos 2α)

Erosion equation for ductile materials
Q is the material eroded, m3

M is the mass of the impacting
particles, kg
V is the velocity of particles, m/s
α is the impingement angle, °

P is the plastic flow stress, which is the
continuous horizontal pressure
between the substrate and the
particles, Pa

Bitter (1962) Steel E: Silica sand
S: Air

εVT � εVD + εVC
εVD � 1

2*
M(Vsinα−K)2

δ
For α ≥ αpo
εVC1 � 2MC(Vsinα−k)2����

Vsinα
√ (VCosα − CVsinα−K2����

Vsinα
√ x)

For α ≤ αpo
εVC2 �

1
2M|V2 cos 2 α−K1(Vsinα−K) 32 |

x

C � 0.288
y

��ρp
y

4
√

Total erosion rate (εVT) is the effect of
deformation wear (εVD) and cutting
wear (εVC) where
M is the mass of impacting particles, kg
V is the velocity of particles m/s
α is the impingement angle of the
particles, °

K is a threshold velocity below which
no significant erosion occurs due to
deformation, m/s
δ is a material parameter representing
the material’s resistance to
deformation wear
For cutting wear:
αP0 is a critical angle where cutting
wear behavior changes, °

C is a coefficient related to the material
and particle characteristics. x is a
constant related to the particle and
material properties
α is the critical angle where cutting
wear behavior changes, °

K1 is the material-dependent constant
for lower impingement angles
ρp is the density of the particles, kg.m−3.
y is the material parameter related to
yield strength or hardness, HB

Neilson and
Gilchrist (1968)

Mild steel E: Silica Sand
S: Air

Deformation factor (e) � z
1
4* Wd

1
2M∂Vsiny−kp2 where

e is a dimensionless parameter that
represents the intensity of deformation
wear based on the experimental
conditions
z1/4 indicates how the deformation
factor scales with particle size
Wd is the deformation work done by
abrasive particles per unit volume,
J m−3

M is the mass of the abrasive particles,
kg
∂ is a material-specific constant
associated with the base material’s
ability to withstand deformation
V is the velocity of impacting particles,
m/s y is particle impact angle, °

sin(y) is the impact angle measured
with respect to the surface normal, °

k is a constant related to the material’s
hardness and the efficiency of the
erosion process
p is a parameter related to the particle
size or the concentration of particles

Bain and
Bonnington
(1970)

Brass E: Quartz
S: Air

W � KVβdγCφ W is the erosion rate, m2/s
V is the velocity of the particle, m/s
d is the size of the particle, m
C is the solid concentration, kg m−3

The constants K, β, γ, and φ are

(Continued on following page)
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TABLE 5 (Continued) Summary of erosion models based on experiments in a Pelton turbine test rig.

Name Base material Erodent and
solvent

Erosion model Description of the model

determined by the characteristics of the
base material and the erodent

Hutchings
(1981)

Mild steel, Mild Steel Alloys E: Silica Sand
S: Air

ΔεpNf
1
2 � εc

E � αρσ 1
2 V3

εc 2H
1
2

Δεp is the average strain per impact
Nf is for the average number of hits (or
strain increments) required to produce
material separation
E is the mass loss of the target per
impinging particle mass unit, kg
α is the ratio of the crater’s volume to
the volume of the plastic deformation
in the metal subsurface
ρ is the density of the target material,
kg m−3

σ is the density of the particles, kg m−3

H is the dynamic hardness of the target
material, HB.

Bardal (1994) Stainless steel E: Silica sand,
Quartz
S: Air

W � Kmat pKenv p c pVn p f(α) General erosionmodel for pure erosion
W is the erosion rate (material loss) in
m/yr
Kmat is the material constant
Kenv is the constant function of the
environment
C is the concentration of particles,
kgm−3 f(a) varies according to the
impingement angle αo
V is the velocity of the particle, m/s
n is the velocity exponent

Krause and
Grein (1996)

X5CrNi13/4 E: Quartz
S: water

δ � ρqcv3.4f(dp50) d is the rate of abrasion on a steel
Pelton runner (m/h)
p is a constant
q is the quantity of quartz
c is the average sand concentration,
kgm−3

v is the relative jet velocity, m/s
f(dp50) is a function defining particle
size

Naidu (1997b) Various metals: Stainless
steel, Bronze

E: Silica sand,
Quartz
S: Water

W � S1S2S3S4Mrvx

For the velocity exponent x,

x �
3 for Francis runner

2.5 for guide vanes pivot ring liner
2.5 for Pelton nozzle

1.5 for Pelton runner buckets

⎧⎪⎪⎪⎨⎪⎪⎪⎩
⎫⎪⎪⎪⎬⎪⎪⎪⎭

S1 is the concentration of the silt
coefficient
S2 is the silt hardness coefficient, HB.
S3 is the silt particle size coefficient, m
S4 is the silt particle shape coefficient
Mr is the coefficient of the base
material’s resistance to wear
V is the relative velocity of water, m/s
X is the velocity exponent

Asthana (1997) 13Cr4Ni Steel E: Silica sand
S: Water

Turbine abrasion (TA)
TA � f(PE, vz)
Modified sediment content (PE)

PE � PαaβK1K2K3

α � 1, for concentrations up to 5 g/l
β � 1 for particle size up to 0.6mm

K1 �
0.75
1

1.25
depending on irregularities

ranging from few to severe

⎧⎪⎪⎪⎨⎪⎪⎪⎩
⎫⎪⎪⎪⎬⎪⎪⎪⎭

K2 �
1 for hardness greater than 3mohs
0.5 for hardness less than 3mohs
So,K2 � 1 for 13Cr4Ni steel

⎧⎪⎨⎪⎩
⎫⎪⎬⎪⎭

PE is the modified sediment content
V is the relative speed of the water
passing through the turbine sections
that have significant abrasion, m/s.
z is the exponent of relative velocity
P is the average amount of suspended
sediment in kgm−3 per year
α is the correction factor for the
concentration of suspended sediment
and is the exponent of P.
a is the suspended sediment’s grain size
coefficient with a base of 0.05 mm
β is the exponent of a correction factor
that represents the average particle size
The coefficients K1, K2, and K3 are
used to adjust the shape, hardness, and
abrasion resistance of the base material

(Continued on following page)
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TABLE 5 (Continued) Summary of erosion models based on experiments in a Pelton turbine test rig.

Name Base material Erodent and
solvent

Erosion model Description of the model

Tsuguo (1999) Carbon Steel, Stainless Steel E: Silica Sand,
Quartz
S: Water

W � λ*cxayk1k2k3vCharz

z≥ 1.5{ }
Rate of erosion measured as the
gradual loss of thickness
.λ is the turbine coefficient in the area
of erosion
C is the concentration of suspended
sediment, kg m−3

V is the characteristic velocity
m/s a is a grain size coefficient average
based on unit value for 0.05 mm
k1 and k2 are sand particle form and
hardness coefficients, and the
material’s abrasion-resistant
coefficient, k3
x, y, and z represent the concentration,
size coefficient, and velocity exponent
values, respectively

Ratna
Bajracharya
et al. (2007a)

N\A E: Quartz
S: water

EMflow � K2*Fa*O−b where
k2 = 0 .00883456521980509
a = 2.1,4310044472706
b = 0.319231938953136
Effwl1 � K3*M−a where
k = 0.7I78400502988

a = 0.00500250124054351

Effwl2 � K3(Kavg + aavg*C + bavg*O)−0.00500250124054351 where
k3 = 0.717840050298804

kavg = 38.7550157
aavg = 0.004804428
bavg = 0.171122597

Effwl3 � K4*C−a*O−b

Where k4 = 0.71532869
a = 0 .001373259
b = 0.001921144

EMflow is a mass loss erosion model
developed for Pelton turbine buckets
F is the flow, m3/s
O is the operating hours, h
Effwl1 is the predicted efficiency
reduction with respect to mass loss
Kn, a, and b are empirical constants
based on experiment
Effwl2 is the predicted efficiency w.r.t
modified mass loss. (The concept of
mass loss is dependent on operating
hours and concentration.)
Kavg is the intercept of the model.
aavg is the mean of each bucket’s
concentration elasticity
bavg is the mean of each bucket
operation hour elasticity
Effwl3 is the predicted efficiency w.r.t
concentration and operating hours

Bajracharya
et al. (2008)

13Cr4Ni E: Quartz, feldspar,
Muscovite, biotite,
and others
S: Water

Erosive wear rate∝ a(size)b
Where a = 351.35 and b = 1.4976, for quartz content of 38%,
a = 1,199.8 and b = 1.8025, for quartz content of 60%
a = 1,482.1 and b = 1.8125, for quartz content of 80%

Efficiency reduction∝ a(erosion rate)b
Where a = 0.1522
b = 1.6946

Erosive wear rate is the normalized
wear rate: a is a coefficient that scales
the erosive wear rate based on the
particle size and quartz content
b is an exponent describing how the
erosive wear rate changes with particle
size
a and b are constants that vary based
on the quartz content
For efficiency reduction: a coefficient
scales the relationship between erosion
rate and efficiency reduction
b exponent describes the sensitivity of
efficiency reduction to changes in the
erosion rate

Boes (2009) CrNi 13/4 steel E: Quartz
S: Water

For
C ≤ 45 mg/L
W � 7.56*10−8*u3*C
For
C > 45 mg/L
W � 1.82*10−8*U3*C1.375

W is the rate of erosion in m3/sec
U is the relative flow velocity, m/s
C is the suspended sediment
concentration in kg m−3

Padhy and Saini
(2009)

Brass 90% Quartz
content sand and
water

W � 4.02*10−12*S0.0567*C1.2267*V3.79*t
η% � 2.43*10−10*t0.75*S0.099*C0.93*V

W is the normalized erosive wear rate
for Pelton turbine buckets
η% is the percentage efficiency
reduction
S is the silt size, m
C is the silt concentration, kg m−3

V is the water jet velocity, m/s.
t is the operating hours of the turbine, h
Pelton turbine
• Pitch circle diameter = 0.144 m

(Continued on following page)
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erosion models through comprehensive validation against
experimental data and CFD for exploring advanced materials
with enhanced erosion resistance properties. In addition, future
research in turbine wear could also include statistical analysis such
as Taguchi and TOPSIS methods to analyze the wear in turbine
materials. The relationships between turbine wear and turbine
bearings could be studied. This approach could be instrumental
in minimizing turbine downtime, optimizing maintenance
strategies, and ensuring the sustainable operation of hydroelectric
power plants. This review combines the findings from a spectrum of

experimental investigations and analytical approaches, providing a
resource for advancing turbine technology and mitigating the effects
of sediment erosion on turbine performance and durability,
ultimately reducing maintenance costs.

Author contributions

RS: data curation, formal analysis, investigation, methodology,
writing–original draft, and writing–review and editing. PG: data

TABLE 5 (Continued) Summary of erosion models based on experiments in a Pelton turbine test rig.

Name Base material Erodent and
solvent

Erosion model Description of the model

• No of buckets = 16
• Mass of bucket = 0.210 kg
• Nozzle diameter = 0.010 m
Tank dimension
0.6×0.51×0.780 m3

Centrifugal pump
• Discharge = 0.008 m3/s
• Rated head = 50 m
Penstock pipe
• Outer diameter = 0.060 m
• Thickness = 0.004 m
Sediment test parameters
Concentration = 5,000–10,000 ppm
Size = 90–335 µm
Velocity = 26.61–29.75 m/s
T = 8 h

Liu et al. (2012) Nozzle tip: ZG230-450
Needle shaft
42CrMo
Runner bucket
X3CrNiMo13-4

E: River sand
S: Water

Nozzle tip
E � 5.45*10−9*V3.16*C0.98

Needle shaft
E � 1.47*10−9*V3.41*C1.02

Runner bucket
E � 8.82*10−10*V3.51*C1.01

E is the erosion rate in kg/h
C is the sediment concentration,
kg m−3

V is the resultant flow velocity, m/s

Thakur et al.
(2017b)

Aluminum E: Quartz
S: Water

W � 3.733*10−11*S0.1159*C0.9096*V2.285*t1.1317 W is the normalized erosive wear rate
S is the silt size, m
C is the silt concentration, kg m−3

V is the water jet velocity
m/s t is the operating hours of the
turbine
h (standardized wear with ±12. 8%
error)

Liu et al. (2019) Runner bucket:
(04Cr13Ni5Mo)
Needle tip: (ADB610)
Nozzle ring: (42ZG230-450)

E: River sand
S: Water

Needle tip
E � 5.32*10−9*W4.28*Cs

0.95

Nozzle ring
E � 1.07*10−8*W4.07*Cs

1.06

Runner bucket
E � 3.45*10−9*W4.31*Cs

1.05

E is the erosion rate, m/h
W is the resultant velocity, m/s
Cs is the sediment concentration,
kg m−3

Rai et al. (2020) Bronze, 13Cr-4Ni, 16Cr-
4Ni, 16Cr-5Ni
13Cr-4Ni with plasma
sprayed Cr2O3 coating,
13Cr-4Ni with WC Co-Cr
HVOF coating

E: Sand
S: Water

General Equation

(En)BGI � K*(SSC)a*(d50)b*(V)c*(t)d
Bucket (Bronze)

(En)BGi � 5.74*10−12*(SSC)1.03*(d50)−0.085*(C)3.10*(t)1.09
Bucket (16Cr-5Ni)

(En)BGi � 9.09*10−13*(SSC)1.09*(d50)−0.004*(C)3.36*(t)1.11
Bucket (16Cr-4Ni)

(En)BGi � 7.02*10−13*(SSC)1.08*(d50)−0.0009*(C)3.42*(t)1.12
Bucket (13Cr-4Ni)

(En)BGi � 6.25*10−13*(SSC)1.08*(d50)*(C)3.42*(t)1.11
Bucket (13Cr-4Ni with plasma sprayed Cr2O3 coating)

(En)BGi � 7.14*10−12*(SSC)1.25*(d50)0.376*(C)2.42*(t)1.18
Bucket (13Cr-4Ni with WC Co-Cr HVOF coating)

(En)BGi � 1.38*10−14*(SSC)1.12*(d50)0.314*(C)4.09*(t)0.96

Erosion weight loss of Pelton bucket:
(En)BGi is the bucket’s normalized
erosion in gm, and SSC is the silt
concentration in ppm
d50 is the median sediment size in mm
for a particle size distribution
C is the relative flow velocity in m/s.
t is the period of time that erosion
occurs, h
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