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ABSTRACT

Hydroelectric power plants, essential to renewable energy generation, face persistent challenges of silt and cavitation 
erosion, particularly pronounced in the sediment-rich Himalayan region. Sediment-laden water accelerates erosion in 
critical components, including turbine blades and guide vanes, diminishing efficiency and operational lifespan. This 
study introduces an innovative air injection technique designed to reduce silt erosion on guide vane surfaces. Both 
computational simulations and experimental testing, utilizing a custom-built rotating disc apparatus, were conducted 
to assess the efficacy of this approach. Erosion tests were performed on guide vanes with and without air injection, 
using NACA 4412 hydrofoil profiles set at a 10° angle of attack. Key parameters included air injection velocities ranging 
from 7.5 m/s to 17.5 m/s, a silt concentration of 2500 ppm, and air injection angles set at 90°. The study measured 
erosion rates, material loss, and surface erosion patterns. Simulation outcomes demonstrated a 40% reduction in 
erosion, while experimental findings revealed efficiency gains of 27% to 38%, with optimal results at an air injection 
velocity of 12.5 m/s. The novelty of this technique lies in its creation of a protective air buffer on the vane surface, 
which mitigates direct silt impact, significantly reducing erosion. This method offers a compelling advancement over 
traditional mitigation strategies such as material coatings and sediment chambers.

Index-words:  Hydro turbines, Hydrofoil, Silt erosion, Air-injection, Guide vanes, Erosion 
mitigation.

Nomenclature:

Symbol Definition with unit Greek Symbol Definition

a Angle of attack of hydrofoil (in degrees) µ Dynamic viscosity of water

d Angle of air injection (in degrees) ν Kinematic viscosity of water

m Sediment concentration in the water stream (in ppm) ρ Density of water stream

U
∞

Free water stream velocity (in m/s) Dimensionless 
Parameters Definition

v Air injection velocity (in m/s for simulations)

c Chord length of guide vane (in m)

C
d

Coefficient of drag
Abbreviation Definition

AR Aspect ratio of leading edge of guide vane 

HVFS High-Velocity Flame Spraying

HVOF High-Velocity Oxygen Fuel

Re Reynolds Number

NACA National Advisory Committee for Aeronautics

RDA Rotary Disc Apparatus

SMAW Shielded Metal Arc Welding

SST Shear Stress Transport
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I. INTRODUCTION

Hydroelectric power offers a highly efficient 
and reliable solution for energy production, with 
the potential to maximize power generation at 
relatively low operational costs. As the leading 
source of renewable energy, hydropower meets 
approximately 19% of the global energy demand. 
Beyond energy production, hydroelectric plants 
serve multiple purposes, including irrigation, flood 
control, and supporting regional economic activities 
such as tourism and local transportation. These 
ancillary benefits contribute to economic growth 
in the areas surrounding hydroelectric facilities [1]. 

Despite these advantages, hydropower plants face 
several operational challenges that disrupt their 
efficiency and increase maintenance needs. Among 
the key issues identified across various turbine 
types are cavitation, erosion, fatigue, and material 
defects [2]. Silt erosion is particularly prevalent in 
hydropower plants situated along sediment-laden 
rivers, such as those in the Himalayan regions of 
India. The high concentration of silt in these water 
streams accelerates the degradation of essential 
components like nozzles, guide vanes, and runner 
blades as shown in Figure 1, leading to increased 
downtime and higher maintenance costs [3].

Fig. 1. Silt erosion at various positions of runner: (a) Runner inlet (b) Runner outlet and (c) Runner shroud passage. Image adapted 
from Sharma & Gandhi [4]

Silt erosion,  also  referred  to  as  abrasive erosion,  
occurs when the surface material of turbine 
components is progressively worn down by the 
continuous impact of silt particles under continuous 
shear action [5]. Studies highlight sediment 
management as a key strategy in mitigating silt 
erosion, primarily through the construction of de-
silting chambers or sediment basins, which allow 
silt particles to settle before the water enters the 
turbines [6], [7], [8]. Real-time monitoring systems 
play a crucial role in managing silt concentrations 
by providing data that enables operators to take 
corrective actions when sediment parameters, such 
as size and shape, exceed specified limits. These 
systems function as early warning mechanisms, 
allowing plants to adjust operations accordingly. 
Sediment chambers and monitoring systems can 

reduce the impact of silt, but they are not sufficient 
to fully eradicate silt erosion [9], [10], [11], [12]. 

Recent research suggests that applying protective 
coatings to turbine components could further 
minimize erosion, although the technique of coating 
is still being refined through ongoing studies. In 
the phenomenon of coating, the microstructure 
of the developed   coatings   plays   a crucial role  
in determining their effectiveness in resisting 
silt erosion. Researchers have explored various 
techniques   to    enhance   the  microstructure   of 
coatings applied to turbine substrate materials, 
concluding that methods such as High-Velocity 
Oxygen Fuel (HVOF) spraying and plasma 
spraying offer superior resistance  to silt erosion 
[13]. Numerous studies have identified CA6NM 
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(martensitic stainless steel with 0.06% of Carbon) as a 
commonly used substrate material in hydro turbines, 
owing to its favorable properties [14], [15], [16]. 
CA6NM is often combined with a variety of coating 
materials, including Ni (Nickel), Cr (Chromium), 
Stellite-6 (wear resistant alloy containing cobalt, 
chromium, tungsten, molybdenum and carbon), 
Cr

2
O

3 
(Chromium (III) oxide, one of the principal 

oxides of chromium), Ni-Al
2
O

3
 (Nickel containing 

Aluminum Oxide or Nickel Aluminate, the presence 
of Ni increases the fracture toughness and thermal 
properties of Aluminum oxide), Ni-xTiO

2 
(Nickel 

doped Titanium dioxide), Ni-xAl
2
O

3 
((Nickel 

Aluminate or Nickel present in variable composition 
of Aluminum oxide), among others, to enhance its 
resistance to erosion[17], [18], [19], [20]. Substrate-
coating combinations may be applied using several 
coating techniques, particularly Oxygen Fuel Process 
(OFP), High-Velocity Oxygen Fuel (HVOF), Shielded 
Metal Arc Welding (SMAW), High-Velocity Flame 
Spraying (HVFS), Plasma sprayed, Microwave clad, 
and other processes [21], [22], [23], [24], [25]. Significant 
research to increase the life and the performance of 
hydro turbines might be done by investigating the 
best combinations of substrate materials, coatings, 
and application processes. This comprehensive 
method of combining different coating techniques 
with different coating materials shows potential 
for increasing the operating life of hydro turbines. 
After exhaustive numerical, experimental, and case 
studies, Padhy and Saini [26] emphasized that it is 
impossible to completely remove the silt erosion. 
However, existing literature indicates that silt erosion 
can be significantly reduced by implementing 
appropriate design parameters, alongside desilting 
chambers, and coating technologies. 

One of the potential alternative technologies may 
involve modified turbine blades or guide vanes 
that incorporate air injections. While air injection 
in hydro turbines is a well-known phenomenon, 
its previously applications have been primarily 
focused on increasing dissolved oxygen levels [27], 
[28], [29], [30] and reducing vortex formation in 
draft tubes within hydropower plants [31], [32], 
recent studies suggest the effect of air injection in 
mitigating cavitation, though these are focused on 
water tunnel experiments and cavitation alone [33], 
[34], [35]. Also, a preliminary study conducted by 
Dhiman et al. [36] reports the effect of air injection 
in mitigating silt erosion in hydro turbines, which 
support the hypothesis. Also, numerical studies 
in mitigating silt erosion with  the help of air 
injection are reported and  various  other cases  of 

air injection  are  discussed in the studies [37]. While 
conventional methods like sediment management 
and surface coatings provide some relief from silt 
erosion in hydro turbines, they fail to fully mitigate 
the continuous abrasive impact of sediment-laden 
water, particularly in high-silt regions like the 
Himalayan rivers. Furthermore, limited research 
has explored alternative strategies, such as air 
injection, beyond surface modifications. Previous 
studies focus on air injection for cavitation control, 
but its potential for reducing silt erosion is not fully 
investigated, particularly through comprehensive 
computational and experimental analysis.

The objective of this study is to introduce and 
validate a novel air injection technique as a means 
to mitigate silt erosion in hydro turbines. By creating 
a protective air layer over guide vanes, the study 
aims to reduce the direct impact of silt particles, 
thus enhancing turbine durability and minimizing 
maintenance requirements. The effectiveness of this 
technique is evaluated through both computational 
simulations and experimental testing, providing 
a robust framework for its potential real-world 
application.

The structure of this paper is as follows: Section 
2 details the methodology, including the 
computational setup and experimental procedures. 
Section 3 presents the results and discussion, offering 
a comprehensive dataset on the effectiveness of the 
air injection technique for mitigating silt erosion. 
Finally, Section 4 concludes by summarizing the 
findings, emphasizing percentage reductions in 
erosion as a measure of the technique effectiveness.

II. METHODOLOGY 

In this study, the NACA 4412 hydrofoil profile 
is selected for  the guide vanes  to  investigate 
silt erosion behavior. The research approach 
involves two stages: first, numerical simulations 
are conducted to assess erosion rates and flow 
patterns, followed by experimental validation using 
a specially designed erosion testing setup known 
as the rotary disc apparatus. Sediment samples are 
collected from both the upstream and downstream 
of the Maneri Bhali dam and sieved to a particle size 
of 200 µm to meet the experimental requirements. 
The erosion patterns on the guide vane samples are 
analyzed through a comparative study of before 
and after images, allowing for precise observation 
of material loss. The recorded material loss is 
used to calculate the erosion rate and evaluate the 
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effectiveness of the proposed air injection technique 
in mitigating silt erosion. Finally, conclusions are 
drawn based on both the numerical simulations and 
experimental data, and recommendations are made 
for the potential application of this technique to 
improve the durability of hydro turbines operating 
in silt-laden environments[38].

A. Computational Study

1. Computational Setup

ANSYS Fluent 19.1 commercial package software 
is used in this computational study and is applied 
to examine and anticipate the erosion behavior 
of the ventilated guide vanes in Francis turbine 
in the silt-laden water stream in which primary, 
secondary, and discrete phases are represented for 
the dynamic momentum exchange among water, 
air, and sediment particles. This study focuses on 
the interaction of physical fluid dynamics through 
a three-phase system including fluid-solid, fluid-
fluid, and solid-solid to understand and evaluate 
the interaction of sediment particles present in a 
water stream on a hydrofoil profile NACA 4412 of an 
aerated guide vane. The Eulerian approach enables 
the interaction between water (silt-laden water) and 
air once the numerical solution has commenced, 
stabilizing the resulting flow field. It is anticipated 
that the relationship between Reynolds number 
(Re) and coefficient of drag (C

d
) will be non-linear 

when Re exceeds   unity    ( where,      Re = ρUL ⁄ μ                  
and      CD = FD ⁄0.5ρU2A;  ρ,μ,L,A,U and FD denote the 
fluid density, viscosity, length scale, area , fluid 
velocity and drag force, respectively). The accurate 
selection of drag and turbulence models is essential 
for resolving the target flow components effectively. 
In this study, the Schiller-Naumann dynamic 
drag model is employed to facilitate accurate 
momentum exchange within fluid mixtures. Prior 
research by Silva  (2015)  demonstrated  that the  
Schiller-Naumann model aligns more closely with 
experimental data compared to the Gidaspow model 
[39].

The Euler-Euler-Lagrange model combined with 
the K-omega SST turbulence scheme. The element 
counts for O-Grid Hexahedral mesh are 0.949, 1.276, 
and 1.401 million for cases 1, 2, and 3, respectively. 
The element counts for Cartesian Cut Cell mesh 
are 0.51, 1.04, and 1.241 million for cases 4, 5, and 
6, respectively, along with the values of coefficient 
of drag  are  shown  in Table I. The current study 
focuses on the different system variables and the 

test parameters presented in Table II, including 
sediment load in the flowing water stream (m) is 
2500 ppm, air injection velocity (v) ranging from 7.5 
m/s to 17.5 m/s, air injection angle (d) about 90, the 
angle of attack (a) for the guide vanes is 10° and the 
free stream velocity of water (U

∞
) is 10 m/s.

TABLE I
DESCRIPTION OF ELEMENT COUNTS (IN MILLIONS) AND 

COEFFICIENT OF DRAG FOR DIFFERENT MESH TYPES AND 
THEIR DIFFERENT CASES.

Mesh type
Element 

Count 
(million)

Coefficient of 
Drag (C

d
)

O-Grid 
Hexahedral 

Cell

Case-1 0.949 0.696

Case-2 1.276 0.674

Case-3 1.401 0.651

Cartesian Cut 
Cell

Case-4 0.51 0.716

Case-5 1.04 0.648

Case-6 1.241 0.644

2. Simulation Domain and Constraint 
Parameters

The structural characteristics of the physical model 
considered for a computational study that provides 
the erosion rates of the guide vanes exposed to the 
sediment-suspended water stream are presented 
in Figure 2 (a). The fluid flow path is subsequently 
divided into main and auxiliary inlets to enhance 
control, allowing for a focused injection of particles 
directly along the hydrofoil’s path. The dimensions 
of the computational domain are 1.76 m in the 
direction of the stream (along the Y-axis), 0.12 m 
in the direction of the guide vane span (along the 
X-axis), and height-wise, it is 1.06 m (along the Z-axis). 
Sediment particles are allowed to emit exclusively 
from the primary zone, covering an area of 0.052 m². 
Meanwhile, the water stream flows into the system 
at a velocity (U

∞
) of 10 m/s across all sections, with 

turbulence intensity maintained below 0.05%. 

Zhang et al. [40] previously indicate that the 
projection of erosion becomes unaffected by the 
concentration of particles beyond a certain extent, 
a finding later confirmed by Vieira et al. [41] in their 
numerical analysis of particles of erosion in internal 
pipes. Likewise, Mansouri et al. [42] conduct a jet 
impingement study with 50,000 particles for both 
gas-solid and liquid-solid scenarios, concluding that 
erosion outcomes are not influenced by the number 
of particles. The statistical correlation applies to 
the current study, where 12,900 incoming particles 
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per cycle are found to be sufficient, with one cycle 
equating to ten iterations. This is achieved using the 
Rosin-Ramler technique, which involves a discrete 
injection cycle across various particle sizes, ensuring 
a 100% mass fraction for each size range. The 
study uses input constraints of particle sizes with a 
minimum of 0.08 mm, a maximum of 0.2 mm, and 
an average of 0.1 mm to align closely with sieve test 
data obtained from sediment samples collected from 
three distinct hydropower plant locations, each 
weighing around 1 kg and exhibiting varying grain 
sizes. Most sediment particles are within the grain 
size range of 0.15 mm. 

The silt laden water stream impacts the guide 
vane of profile NACA 4412 hydrofoil, with a chord 
length    (acting   as    baseline)    of     0.16     meters        
(denoted as c = L). Reynolds number (𝑅𝑒𝐿) of 1.22 × 106 

based on L, is fixed for all experiments where the 
Reynolds number is defined as 𝑅𝑒

y
 = ρ𝑈

∞
y / µ, with ρ 

and µ  representing the water density and dynamic 
viscosity, respectively. To assess the erosion rate 
with aeration, a continuous slit for air injection is 
considered at y=L/8 from the leading edge having 
an aspect ratio (AR) of 3.42 (AR = L

x
/L

y
), here aspect 

ratio is defined as the ratio of the length of the slit 
to the width of the slit which are represented as L

x
 

and L
y
. Also, this ratio is considered as it influences 

the volume of air that can be injected and affects 
the flow characteristics and dispersion of the 
injected air. This specific injection design is chosen 
to adhere to the Coanda effect, allowing the air to 
create a protective layer on the pressure side of the 
blade. This setup aims to alter particle trajectories 
and reduce the overall erosion effect, which occurs 
during impact interactions.

(a)

(b)

Fig. 2. (a) Computational domain and Physical model considered in the computational study (b) Results from the grid refinement 
tests were conducted to evaluate the erosion behavior on the pressure side of a hydrofoil, utilizing two types of mesh: O-grid hexa 

(Cases 1-3) and Cartesian cut cell (Cases 4-6)
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3. Validation

The conformity of the computational method is 
validated  by  analyzing grid sensitivity (See Table I 
and Figure 2 (b)) and later by experimental analysis. 
For this  evaluation, high-order grids   are  created 
using Cartesian cut-cell and O-grid hexahedral cell 
types [43], [44], [45].  Spherical  particles  are  considered 
along with other certain assumptions like particles 
are independent of each other, particle splitting is  
not allowed, rotation  of particles  is ignored, and 
pitting on the hydrofoil is not accounted. These 
assumptions are designed to optimize the conditions 
for particle-wall interactions. Solid particle velocity 
is evaluated by using Newton’s kinetic equation 
within the Discrete Particle Model and the particle 
momentum equation in the Fluid Flow Model. 
Furthermore, the erosion model incorporates the 
characteristics of the wall material, considering 
that the material is ductile. This approach provides 
a clear structure, starting with the validation of 
the computational method and then detailing 
the simulation configuration and corresponding 
conditions. In the present study SST Model is used for 
simulation of an accurate estimation of drag caused 
by viscous effects normal to the hydrofoil wall 
which depends on how effectively the boundary 
layer is resolved, which correlates directly with the 
degree of mesh refinement. To achieve this using the 
K-omega model for low Reynolds number flows, it 
is crucial to ensure a dimensionless distance, 𝑦+ of 
5 or lower, indicating the boundary between the 
viscous sublayer and buffer layer. In this context, 
𝑦+ is defined as: 𝑦+= y. 𝑢τ /ν, where y represents the 
height of the first cell, 𝑢τ denotes the frictional 
velocity, and ν is the kinematic viscosity. In the 
current case, 24 inflation layers are chosen, with 
a 12% growth rate between successive layers and 
a bias factor of 36, to keep 𝑦+ below 5 for both cut-
cell and O-grid mesh types. A pressure-based solver 
is employed to solve the governing equations over 
control volumes to achieve a steady-state solution. 
A sophisticated coupled algorithm is utilized to solve 
all variables with pressure interpolation, rather than 
simpler methods, to ensure accuracy and achieve an 
accelerated convergence error threshold of 10-6. A 
second-order upwind scheme is used to discretize 
the nonlinear convective terms in the momentum 
equations, followed by the viscous terms. 

B. Experimental Setup

To investigate the effectiveness of the air injection 
technique in  mitigating silt erosion on guide vanes, 

a comprehensive experimental setup is designed. 
This setup consists of a specially constructed 
rotary disc apparatus (RDA), which simulates 
the conditions experienced by guide vanes in a 
sediment-laden water stream. The RDA allows 
for controlled testing of material samples under 
varying conditions of silt concentration and flow 
velocity. The guide vane specimens, based on the 
NACA 4412 hydrofoil profile, are subjected to silt-
laden water to measure erosion rates and analyze 
material degradation patterns. Additionally, 
sediment samples are carefully collected from the 
upstream and downstream sections of the Maneri 
Bhali dam and are sieved to a consistent particle 
size of 200 µm for uniformity in experimentation. 
This experimental procedure enables a detailed 
examination of the erosion patterns and provides a 
platform for evaluating the mitigation potential of 
air injection on turbine components. 

1. The Test Rig: Rotating Disk Rotating 
Apparatus

On-site investigations to assess silt erosion in 
hydro turbines pose substantial challenges due 
to the remote locations of erosion sites, coupled 
with high costs, extended time requirements, 
and logistical complexities. Advanced tools and 
sensors capable of providing precise quantitative 
data offer a practical alternative  for  thorough  
analysis.  These   sophisticated instruments enable 
accurate data collection and facilitate detailed  
examination, essential   for   gaining   insight   into   
erosion mechanisms and addressing core issues. 
Although deploying such equipment can be 
resource-intensive, it is often essential to obtain the 
high-quality data required for rigorous scientific 
inquiry [46]. A laboratory setting provides a 
controlled environment for investigating erosion 
patterns, allowing researchers to develop effective 
erosion mitigation techniques and deepen their 
understanding of  underlying  processes. Prior studies  
demonstrate the feasibility of formulating erosion 
rate correlations through simplified experimental  
setups, such as jet rigs  [47] or pot testers [48], which 
allow for intentional modifications of substrate 
material and sediment characteristics, as well as 
variations in geometric and flow parameters like 
impingement angle and velocity.

The experimental setup used for this study, the 
Rotating  Disc  Apparatus (RDA), is illustrated 
in Figure 3(a), with Figure 3(b) providing a 3D 
sketch from multiple perspectives for enhanced 
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understanding, and Figure 3(c) depicting the 
provisions for air injection through the setup to the 
test samples (either blades or guide vanes). The RDA 
is a rotating test setup where a fixed disc of specified 
dimensions revolves within silt-laden water at 
a predetermined speed. This system operates on 

the principle of mounting test samples onto a disc 
connected to the rotor shaft, which rotates via a 
pulley mechanism and high-speed motor to achieve 
a high relative velocity of the samples against the 
silt-laden water.

(a)

(b)
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(c)

Fig. 3. (a) Rotary Disc Apparatus (Experimental Setup) for performing erosion test (b) 3-D sketch of the experimental setup 
(c) Sketch showing the pathways for air injection to the samples

The sample-mounted disc in the Rotating Disc 
Apparatus (RDA) is enclosed within a housing filled 
with a sand-water mixture. Initially, the water 
remains stationary and is circulated from a sand-
water mixing chamber to the housing via a motor 
pump system and two ball valves. As the samples 
rotate within the housing, they interact with the 
silt-laden water, leading to erosion on their surfaces. 
After a set duration, samples can be examined for 
erosion patterns, with material loss assessed using a 
precision scale. The disc and test specimens can be 
fabricated from softer materials or the same material 
as the turbine, allowing accelerated lab testing to 
observe sediment effects over a shorter period.

The design of the RDA components is influenced 
primarily by the rotational speed of the disc plate, 
chosen to replicate the relative velocity at the blade 
specimen inlet, mirroring the conditions in hydro 
turbine runners. A target rotational speed of 720 
rpm, corresponding to approximately 15 m/s at the 
blade inlet, is achieved through a V-belt drive with 
a 1:2 pulley ratio, given the experimental motor 
rated speed of 1400 rpm. This speed is optimal 
when the water remains stationary; during testing, 
however, water movement along with the rotating 
disc reduces the relative velocity slightly below 15 
m/s. The motor capacity is estimated to account for 
the torque needed to overcome drag forces exerted 
by the water on all rotating components, as well 
as hydraulic and mechanical system losses. These 
drag forces act on the disc face, the test specimen 
surfaces, and the cylindrical surface of the rotating 
disc. An 18.5 kW, three-phase, two-pole induction 
motor powers the disc rotation.

In this study, the accelerated experimental setup is 
used to analyse erosion effects on guide vanes within 

a silt-laden environment inside a closed chamber, 
simulating conditions for Francis turbines. By 
adjusting parameters such as shaft speed and flow 
discharge, the setup can replicate both partial and 
full load conditions. Additionally, silt concentration 
levels within the chamber can be varied to account 
for seasonal changes, enabling realistic simulations. 
While this study proposes an erosion mitigation 
technique for guide vanes, further research is needed 
to investigate a range of parameters, including varied 
shaft speeds, silt concentrations, and guide vane 
angles of attack under different loading conditions. 
These variables  form the basis of future studies.

2. Guide Vane Samples and Sediment 
Samples

The complex processes of silt erosion are 
investigated by collecting sediment samples from 
the Maneri Bhali Hydroelectric Project. Samples are 
extracted from the settling basin to gain a firsthand 
understanding of silt behavior within the reservoir. 
This careful investigation involves dividing the silt 
into three unique sizes: 250 µm, 100 µm, and 50 µm. 
Such meticulous classification sets the stage for a 
comprehensive exploration of sediment transport 
mechanisms and effective management strategies, 
vital for ensuring the sustainable operation of 
hydroelectric power plants like Maneri Bhali. 
Models of the guide vanes used in Francis’s turbines 
are used as specimens during the experimental 
procedure. Samples for the testing are used in two 
categories. Red oxide samples without and with an 
air injection facility, as shown in Figure 4 (a) and 
Figure 4 (b). Second are anodized samples without 
and with the air injection facility shown in Figure 4 
(c) and Figure 4 (d), respectively.
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Fig. 4. Fabricated guide vane samples replicating guide vane of Francis Turbines (a) red oxide samples without air injection facility, 
(b) red oxide samples with air injection facility on the pressure side, (c) anodized samples without air injection facility, 

and (d) anodized samples with air injection facility on the pressure side

The conventional manufacturing methods used 
for producing guide vanes in Francis turbines 
were employed to replicate the specimen guide 
vane profiles for this study. Utilizing established 
techniques  commonly applied in turbine production 
facilities,  the blade shapes are machined with high 
precision to ensure structural accuracy. These 
test specimens are specifically designed to mirror 
the structural and functional characteristics of 
operational guide vanes in Francis turbines. This 
approach aims to provide a thorough understanding 
of guide vane behavior and performance under 
varied conditions, contributing valuable insights 
toward developing optimized turbine design and 
performance strategies.

3. Experimental Parameters

The thorough selection and adaptation of 
parameters are critical to the integrity and 

reliability of experiments. Identifying and defining 
these parameters  is  more than just  a procedure; 
it represents a purposeful  attempt  to control 
influential variables that directly influence 
experimental results. The parameters generally 
serve in two capacities: as variables for examination 
and as lenses through which phenomena are 
observed and evaluated. The fundamental basis 
upon which theories for erosion tests are examined 
and conclusions drawn consists of parameters 
ranging from sediment suspension in a water 
mixture and air injection flow rate to sediment size 
and air injection hole size. To effectively imitate field 
conditions and create mitigation methods, a variety 
of criteria must be considered while designing 
erosion tests for guide vane samples. To get accurate 
and meaningful findings, the experimental  setup, 
and  its parameters, like  the operational environment 
and measurement methods, must all be carefully 
considered [49], [50].
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TABLE II 
DIFFERENT PARAMETERS  OF THE RDA SETUP.

Sr. No. Parameters Value

Hydraulic and Flow Parameters

1. Speed of disc plate 720 rpm

2. Angle of attack of hydrofoil 10°

3. Capacity of the RDA casing 14 liters

Air-Injection Parameters

4. Means of air-injection 4 holes on the pressure side

5. Size of holes 1 mm diameter

6. Angle of air-injection ~50°

7. Air flow rate 15 L/min

Geometrical and structural parameters

8. Diameter of disc 390 mm

9. Guide vane profile NACA 4412

Environmental and Material parameters

10. Sediment Size range 50 – 250 µm

11. Silt Concentration 85000 ppm

12. Operating time 400 minutes per sample

13. Operating temperature Ambient Temperature (about 25°C – 28°C)

C. Error Analysis

In the experiment conducted, a range of 
measurements is  collected, each accompanied by 
specific uncertainties that could affect the overall 
findings. The weights of the specimens varied 
between 130 g and 160 g, with an average relative 
uncertainty of approximately 0.017%, stemming 
from a measurement error of ±0.0246 g. The air 
volume is measured at 15 L/s, yielding a relative 
uncertainty of about 0.0283%, which is due to a 
±0.2546 L/min error in the flow meter. The recorded 
rotations per minute (RPM) are 720, with a relative 
uncertainty of 0.124% arising from an absolute error 
of ±0.89. Additionally, the angle of attack is set at 10 
degrees, exhibiting a notable relative uncertainty of 
5% attributed to a ±0.5-degree measurement error. 
These uncertainties underscore the potential for 
error in the experimental results, highlighting the 
necessity of precise measurements to ensure the 
reliability of the outcomes. Therefore, while the 
experiments yield valuable insights, the inherent 
uncertainties call for careful interpretation of the 
results and an awareness of their potential impact 
on the conclusions reached.

The analysis of material loss in the experimentation 

over a period of 400 minutes for each specimen 
produces significant findings. The cumulative 
material loss varied between 1.11 g and 1.55 g 
across the specimens. The average material loss 
is found to be approximately 1.346 g, indicating a 
general trend of material degradation among the 
samples. A standard deviation of 0.2021 g suggests 
moderate variability in material loss, reflecting some 
inconsistency among the specimens. This variability 
is further illustrated by a coefficient of variation (CV) 
of 15.02%, indicating that the standard deviation 
represents about 15% of the mean. Consequently, the 
reliability of the experimental results is estimated to 
be 84.98%, suggesting a high degree of confidence 
in the consistency of the observed material loss 
across the specimens. These figures emphasize the 
importance of accurate measurement and thorough 
analysis in understanding the behavior of materials 
under experimental conditions.

III. RESULTS AND DISCUSSION 

This study aims to extend the operational lifespan 
of hydro turbines by introducing a novel approach 
for reducing silt erosion through the injection 
of a secondary fluid into existing hydro turbine 
arrangements. To focus on the primary objective—
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understanding the impact of air injection on 
erosion—the study limited its scope to essential 
operational factors. The significance of this research 
lies in its innovative method, offering a means to 
prolong turbine life efficiently while preserving 
the material integrity of blades and other critical 
components. Both simulations and experimental 
analyses confirm that air injection onto guide vane 
surfaces can significantly mitigate silt erosion. The 
study utilizes an aerated guide vane, similar to the 
ventilated turbine design used in previous research 
[33]. Findings suggest that air injection mitigates 
sediment erosion through multiple mechanisms: 
creating a protective layer, altering flow behavior, 
and facilitating sediment displacement.

A. Simulations Results

This simulation study examines the erosion of guide 
vane caused by sediment particles present in silt-
laden water streams, by performing simulations for 
the interaction of air-water (silt-laden water) with 
the surface of guide vane. and flow dynamics of a 
guide vane that has a profile of NACA 4412 hydrofoil, 
commonly used in Francis turbines. The O-Grid 
Hexahedral mesh element counts for cases 1, 2, and 
3 are 0.949, 1.276, and 1.401 million, respectively, 
while the Cartesian Cut mesh counts for cases 4, 5, 
and 6 are 0.51, 1.04, and 1.241 million. The operating 
parameters are sediment levels in the water stream 
(m) of 2500 ppm and 5000 ppm, air injection 
velocities (v) ranging from 7.5 m/s to 17.5 m/s, and 
injection angles (d) of 30° and 90°. Additionally, the 
hydrofoil angle of attack (a) is considered at 10°, 
with a free stream velocity of 10 m/s. Erosion wear 
behavior, both with and without air injection, is 
predicted using the Euler-Euler-Lagrange model 
coupled with the K-omega SST turbulence model. 
Air is injected through a continuous slit located at 
y = L/8 from the leading edge, with an aspect ratio 
(AR) of 3.42. The effects after the introduction of air 
injection are presented in Figure 5, which shows 
the difference between erosion rate with and 
without air injection. If observed, the first impact 
of the silt-laden water with a guide vane shows 
higher readings of the erosion rate because the air 
envelope is not present at that place. The moment 
the air envelope is established, the effect of that can 
be observed in the fall of the values of erosion rate. 
The difference in the erosion rate of both cases is 
significant during the first half of the span because 
there is no separation of the silt laden fluid from the 
surface, later on it reduces in both the cases, even 
though it is very less in the air injection case.

Fig. 5. Erosion rate vs sample length in no air and with air 
injection at a = 10°, m = 2500 ppm, d = 90° and v = 7.5 m/s

Fig. 6. Sediment particle distribution over the surface of the 
guide vane without and with air injection for a = 10°, 

m = 2500 ppm, d = 90° and v = 7.5 m/s

The sediment particle distribution shown in Figure 
6 illustrates the interaction of sediment particles 
along the guide vane surface, where an air envelope 
facilitates particle displacement through a “carried-
away” effect. As a significant portion of sediment 
particles is removed by the  airflow, it  is inferred that 
the guide vane surface experiences reduced erosion 
and material loss. To investigate further, air injection 
velocity is increased,  and the corresponding 
erosion rates, presented in Figure 7, demonstrate 
a decline in erosion as air velocity rises. Enhanced 
flow dynamics at higher velocities diminish the 
interaction between sediment particles and the 
vane surface, thus lowering erosion rates. However, 
increasing air injection velocity beyond a certain 
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threshold does not further reduce erosion; Figure 7 
indicates that the optimal reduction occurs at an air 
injection velocity of 12.5 m/s. As air injection velocity 
(v) increases past this point, surface turbulence rises, 
disrupting the carried-away effect and diminishing 
the effectiveness of the air envelope. Although 
erosion remains lower than without air injection, 
careful consideration of higher velocities is essential 
to maintain the technique efficacy in mitigating silt 
erosion on guide vanes. Additionally, calculations 
suggest that velocity values are relatively similar 
across the mid-span, likely due to dynamic flow 
changes, underscoring the need for cautious 
application of higher velocities for optimal erosion 
control.

Fig. 7. Erosion rate vs guide vane length with air injection at      
a = 10°, m = 2500 ppm, d = 90° and v = varying from 7.5 m/s to 

17.5 m/s

The CFD flow visualization shown in Figure 8 and 
Figure 9 demonstrate the flow of air injected over 
the surface of guide vane in the water stream. Figure 
8 displays volume fraction of air exiting the slit 
from guide vane at an angle of attack of 33° inside 
water domain  at  varying air  injection  velocities  
of (a)7.5 m/s and (b)27.5 m/s. These images illustrate 
the complex interactions between the water and 
injected air, highlighting how different velocities 
influence the flow patterns around the vane. As the 
air injection rate increases, the air flow demonstrates 
significant changes, including alterations in 
turbulence levels and vortex formation. The volume 
fraction of air exiting the slit from the guide vane 
at a 10° angle of attack within the water domain is 
illustrated in Figure 9, showing  variations  at  air  
injection velocities of 27.5 m/s, 15 m/s, and 7.5 m/s. 

This visualization provides crucial insights into the 
distribution and concentration of air-envelope over 
the guide vane within the fluid. The images indicate 
areas of high air concentration, which are often 
linked to regions of intense turbulence or where air 
is actively injected. Analyzing the volume fraction 
allows for a better understanding of how the air-water 
interaction affects the overall flow characteristics. 
These figures illustrate the relationship between 
air injection rates and flow behavior, underscoring 
the importance of optimizing injection parameters 
to achieve desired performance outcomes in fluid 
dynamics applications.

 

Fig. 8. Volume fraction of air exiting the slit from guide vane at 
a high angle of attack of 33° inside water domain at varying air 

injection velocities of (a) 7.5 m/s and (b) 27.5 m/s

Fig. 9. Volume fraction of air exiting the slit from guide vane 
at an angle of attack of 10° inside water domain at varying air 

injection velocities of (a) 27.5 m/s, (b) 15 m/s and (c) 7.5 m/s

B. Experimentation Results

The experimental work results in findings that 
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carefully fit together the pieces of simulation of air 
injection to mitigate silt erosion. Comprehensive 
analyses are performed to look at two different 
phenomena: the material loss observed in the 
specimens after each cycle, represented by graphs, 
and the patterns of erosion on the surfaces organized 
the images of the specimens after each cycle.

1. Image Visualization

This analysis provides a visual representation of 
the specimens, enabling clear observation and 
understanding of the erosion patterns. The study 
involves the use of two types of samples: red oxide-
coated specimens for initial analysis and anodized 
specimens with a black coating for further evaluation. 
Erosion patterns are documented on both the suction 
and pressure sides of the guide vanes at intervals of 
80 minutes, facilitating detailed, time-based analysis 
of the erosion progression. Table III presents the 
erosion patterns for red oxide samples without air 
injection. Following the experimental exposure, the 
paint coating degraded, and the underlying material 
exhibited visible erosion, leading to noticeable 
changes in surface texture and appearance. The 
continuous decrease in specimen weight, as shown 
in Figure 10, quantifies the material loss over time, 
with reductions recorded every 80 minutes. 

Table IV demonstrates that when air injection 
is applied to the pressure side under identical 
experimental conditions, the paint removal is 
significantly reduced, indicating a lower rate of 
material erosion. A closer examination reveals that 
surfaces not subjected to air injections experienced 
a greater material loss compared to those protected 
by the air envelope. Due to challenges with the red 
oxide paint, such as uneven adhesion and peeling, 
anodized metal specimens are employed for more 
reliable results. As seen in Table V, the anodized 
coating provides a uniformly distributed protective 
layer, applied via an electrochemical process, 
which eliminates the issue of uneven adhesion and 
ensures consistent surface protection throughout 
the experiment. The specimens are exposed to silt-
laden water, material removal occurs, leading to 
the onset of erosion. The progression of erosion can 
be observed through the images provided in Table 
V which depict the changes in surface condition 
over time. Additionally, the extent of material 
reduction is quantitatively illustrated in Figure 10 
which tracks the loss of material throughout the 
experiment. These visual and quantitative data 
collectively demonstrate the erosion patterns and 
provide insight into the severity and distribution of 
material degradation across the specimen surface.

TABLE III 
IMAGES SHOWING EROSION PATTERN FOR EVERY 80 MINUTES ON RED OXIDE SAMPLES WITHOUT AIR INJECTION 

SUBJECTED TO RDA CYCLES FOR 400 MINUTES.

0 minutes 80 minutes 160 minutes 240 minutes 320 minutes 400 minutes
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TABLE IV  
IMAGES SHOWING EROSION PATTERN FOR EVERY 80 MINUTES ON RED OXIDE SAMPLES WITH AIR INJECTION 

SUBJECTED TO RDA CYCLES FOR 400 MINUTES.

0 minutes 80 minutes 160 minutes 240 minutes 320 minutes 400 minutes

TABLE V 
IMAGES SHOWING EROSION PATTERN FOR EVERY 80 MINUTES ON ANODIZED SAMPLES WITHOUT AIR-INJECTION 

SUBJECTED TO RDA CYCLES FOR 400 MINUTES.

0 minutes 80 minutes 160 minutes 240 minutes 320 minutes 400 minutes

Moving forward to the anodized specimen with 
air injection over the surface in Table VI, it shows 
considerable differences in the removal of black 
color. The areas subjected to air injection exhibited 
far less material removal compared to those without 
air injection, highlighting the effectiveness of the air 
envelope in preventing surface erosion. The images 
taken  after the completion of the experimental 
cycles further clarify where erosion mitigation 
is most needed. From Table III and Table V, it is 

evident that the pressure side of the specimens 
experienced more erosion compared to the suction 
side. Based on this observation, air injection is 
applied to the pressure side to enhance protection. 
As demonstrated in Table IV and Table VI, the 
application of the air injection technique results in 
a noticeable reduction in material removal from 
the pressure side, confirming the efficacy of the air 
envelope in mitigating erosion in this critical area.
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TABLE VI 
IMAGES SHOWING EROSION PATTERN FOR EVERY 80 MINUTES ON ANODIZED SAMPLES WITH AIR-INJECTION 

SUBJECTED TO RDA CYCLES FOR 400 MINUTES.

0 minutes 80 minutes 160 minutes 240 minutes 320 minutes 400 minutes

Wear refers to the gradual erosion or degradation of 
a metal surface caused by the abrasive impact of silt 
particles carried by suspended water as it interacts 
with the metallic samples. This inevitably leads to 
material loss and scratches on the surface. Figure 
10 presents the material loss in various samples, 
highlighting the effects of air injection compared to 
no air injection on red oxide and anodized samples. 
The data demonstrate a general decrease in material 
loss over time across all samples, while the rate of 
loss is less pronounced in samples exposed to air 
injection. 

Fig. 10. Reduction in weight of samples noted after 80 minutes 
in one complete cycle of 400 minutes of RDA setup

For red oxide samples, material loss without air 
injections occurs at a rate of -0.297 grams per hour, 
with air injections, this rate decreases to -0.216 grams 
per hour, representing a reduction of approximately 
27%. Similarly, anodized samples exhibit a wear 
rate of -0.2265 grams per hour without air injection 
and -0.1185 grams per hour with air injection, 
indicating a reduction of about 38%. Figure 11 and 
Figure 12 further explore this trend, detailing the 
wear patterns over a 400-minute operating cycle 
for different sample categories. Both graphs exhibit 
a similar trend: an initial increase in wear, followed 
by a gradual decrease. The initial rise is attributed 
to the interaction of sand particles with the finished 
surface, making it more susceptible to erosion and 
resulting in higher material loss. In the latter half 
of the cycle, the wear rate diminishes as surface 
imperfections are decreased, leaving behind a more 
robust, hardened surface that is better equipped 
to resist further erosion. Figure 13 shows the 
experimental results, showing both the absolute 
and percentage material loss for the samples under 
different conditions. Also, the bars from Figure 13 
clearly show how moving from paint to anodized 
samples is better and further highlights, how the 
use of air injection can help in reducing the effect 
of silt particles in removing the material from the 
surface of guide vanes.
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Fig. 11. Comparison of material loss in grams concerning 
operating time in minutes for red oxide samples with and 

without air injection on RDA setup

Without air injection, the red oxide samples exhibit 
a cumulative material loss of 1.98 grams, 1.36% 
of their initial weight of 145.70 grams. For the 
anodized samples, the cumulative material loss is 
1.29 grams or about 0.91% of their initial weight of 
140.86 grams over a 400-minute operating cycle. In 
contrast, with air injection, the red oxide samples 
show a cumulative material loss of 1.44 grams, 
around 1.01% of their initial weight of 141.73 grams. 
The anodized samples under air injection exhibit a 
cumulative material loss of 0.79 grams, or 0.57% of 
their initial weight of 138.46 grams, over the same 
period. These results indicate a reduction in material 
loss of approximately 27.27% for red oxide samples 
and 38.75% for anodized samples when air is 
injected. This reduction suggests that introducing an 
air envelope can significantly lower material loss in 
guide vanes, potentially extending the operational 
life of guide vanes and other components in hydro 
turbines.

For anodized samples For Red oxide samples

Total loss of weight without air-injection 1.29 g Total loss of weight without air-injection 1.98 g

Total loss of weight with air-injection 0.79 g Total loss of weight with air-injection 1.44 g

Mitigation with the introduction of air 0.50 g Mitigation with the introduction of air 0.54 g

Percentage Mitigation 38.75% Percentage Mitigation 27.27%

Fig. 12. Comparison of material loss in grams for operating time 
in minutes for anodized samples with and without air injection 

on RDA setup

Fig. 13. Comparison chart for different specimens showing the 
loss in material and percentage loss in weight after using the 

technique for mitigation
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2. Consolidated Findings: Simulation             
& Experiment

The  integration of  simulation and experimental   
data  highlights   a strong  correlation and suggests 
that introducing this mitigation technique can 
minimize the major problem of hydropower plants, 
sediment erosion in hydro turbines. The current 
study focuses on the study of guide vanes used in 
Francis turbines, and the study allows to identify the 
potential sites for air injection on the surface of the 
guide vanes. Also, both studies suggest that a good 
percentage of mitigation is observed after the air 
injection, simply the loss of material is decreased in 
experimental results and the erosion rate decreases 
in simulation results. 

a. Similarities and deviations: Both 
computational and experimental setups share 
core similarities in exploring guide vanes with 
a NACA 4412 profile under the impact of silt-
laden water on the hydrofoil pressure side. 
Each setup utilizes a 10° angle of attack for the 
guide vanes, with ductile material properties 
for consistency in material response across the 
analyses.

However, there are significant differences between 
the setups. In the simulation, the interaction 
between the silt-laden water and the guide vane 
surface is quantified through slurry flow rates (e.g., 
1.6 kg or 3.2 kg). Conversely, in the experimental 
setup, silt concentration is defined by sediment 
weight within a specified water volume, such as 
4.25 kg of sediment in 50 liters of water (yielding a 
concentration of 85,000 ppm). Additional deviations 
arise from air flow rate measurements: in the 
simulation, flow rates are specified in m/s for both air 
and water streams, while in the experimental setup, 
a fixed casing rotates at 720 rpm with air injected at 
15 L/s via holes supplied by a 100 psi air compressor.

The erosion rate calculation methods also vary 
between the two approaches. Simulation allows 
for erosion assessment across the entire span of 
the guide vane, offering particle-wise erosion data 
throughout. In contrast, the experimental setup 
quantifies erosion by weighing each specimen to 
determine total material loss, which further enables 
detailed pattern analysis of erosion that simulations 
cannot fully replicate. These methodological 
differences highlight the unique contributions of 
each setup to understanding and evaluating silt 
erosion under controlled and real-like conditions.

b. Validation: A key observation across both 
analyses is the observed reduction in material 
loss with the introduction of air injection. 
Experimental findings indicate a substantial 
reduction in erosion rates, achieving 
approximately 38% and 27% decreases, which 
align with simulation outcomes showing 
a material loss reduction of around 70%. 
The simulations enable a comprehensive 
assessment of material loss across the entire 
guide vane span, while experimental data 
capture the overall material loss effect along 
this span. Furthermore, the experimental 
approach, complemented by image analysis, 
provides a detailed view of specific erosion 
patterns along the vane surface.

In this study, simulation and experimental 
approaches are independently conducted. While 
simulation results support the concept of air 
injection over the guide vane surface, they are not 
intended as a direct validation of the experimental 
results. This distinction is due to the inherent 
complexity in accurately simulating real-world 
hydro turbine scenarios within a multi-phase 
environment (involving air-water-sediment-surface 
interactions). Replicating the intricate interactions 
between sediment-laden water and a guide vane 
surface enveloped in air under highly turbulent 
flow is nearly impossible with current simulation 
capabilities. However, simulations using well-
constrained parameters  allow for controlled and 
steady flow predictions, supporting the hypothesis 
that air injection can mitigate sediment erosion to 
some extent within these limitations.

Conversely, the experimental setup employs a 
scaled-down model that more closely mimics the 
real-world conditions of a hydro turbine. The 
rotating guide vanes within a sediment-laden water 
chamber effectively represent actual sediment 
erosion dynamics. In this turbulent, realistic 
environment, the use of a rotating disc apparatus 
(RDA) enables air injection on the guide vane surface, 
yielding positive results. The observed reduction 
in sediment erosion reinforces the hypothesis that 
air injection can mitigate silt erosion effects on 
guide vanes, supporting its potential application in 
hydroelectric turbine systems.

IV. CONCLUSION

This study highlights the effectiveness of an 
innovative air injection technique for mitigating 
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silt erosion in hydroelectric turbines—a persistent 
challenge in hydropower facilities. The technique 
is meticulously tested through both computational 
simulations and experimental trials using a rotating 
disc apparatus to evaluate erosion effects on guide 
vanes and runner profiles. Key findings include:

1. The pressure  side of the guide vane is 
identified as the most erosion-prone region 
due to sediment impact.

2. For air injection design, a slit is simulated on 
the pressure side of the guide vane to create 
a protective air envelope around the profile. 
Experimentally, four 1 mm holes are used to 
inject air from the leading edge, optimized to 
the vane curvature.

3. Both computational and experimental results 
demonstrate a significant reduction in silt 
erosion upon the introduction of air.

4. Experimental  findings  indicate that guide 
vane samples coated with red oxide exhibit 
a 27% reduction in erosion, while anodized 
samples show a 38% reduction with air 
injection.

The consistency between computational and 
experimental results suggests that air injection 
can be feasibly scaled for practical applications, 
with simulation data providing reliable insights 
for field implementation. Although overall 
turbine performance remains unchanged—a point 
designated for future investigation—the notable 
reduction in erosion achieved through air injection 
translates into less frequent blade and vane 
replacements, leading to reduced maintenance 

time, labor, and costs. Consequently, this technique 
enhances turbine longevity by reducing wear on 
critical components. In conclusion, the protective 
effects of air injection contribute to improved 
hydropower station performance by extending 
the lifespan of key  components and reducing 
operational downtime. This balance of enhanced 
efficiency and durability offers a net benefit, making 
operations  more stable and cost-effective  in the 
long term.
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