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ABSTRACT

Hydropower is increasingly recognized as a sustainable energy source due to its
minimal environmental impact, a crucial factor in meeting global energy demands.
However, the efficiency of hydropower plants (particularly in the Himalayan
region) can be hampered by wear and tear of essential components like
hydroturbine blades, runners, guide vanes, and nozzles, caused by silt particles in
water streams. This study proposes an innovative solution to mitigate silt erosion
by implementing a partial air shield on the pressure surface of hydrofoils. Through
numerical simulations, the study investigates the interaction between quartz
particle-water suspension and injected air on a NACA 4412 hydrofoil. The Euler-
Euler-Lagrange model combined with the K-omega SST turbulence scheme is
observed to accurately predict erosion wear behavior with and without air injection.
The investigation reveals two significant phases. Initially, a comparison between
scenarios with and without air injection shows a noticeable reduction in erosion
rate when air is introduced over the surface. To further illustrate this reduction, the
study increases the silt suspension levels from 2500 ppm to 5000 ppm and the air
injection speed from 7.5 m/s to 17.5 m/s, while maintaining a constant hydrofoil
angle of attack at 10° and an air-injection angle of 30°. In the subsequent phase,
detailed exploration of various air injection parameters reveals an inverse
relationship between air injection speed and erosion rate. This study provides
comprehensive data sheets illustrating results for different parameter ranges,
suggesting that air entrainment on hydroturbine runners can effectively reduce wear
due to silt.
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1. INTRODUCTION

Energy has a significant impact on the sustainable
development of a country. Per capita energy consumption is
always rising, driven by the ongoing processes of
industrialization and urbanization in both developed and
developing nations. The need for renewable energy has
significantly increased recently due to factors such as
expanding energy reliance, rising global energy demand,
environmental concerns related to fuel usage, and volatile
fossil fuel costs. The increasing need to address issues like
poverty, pollution, health problems, and environmental
degradation has caused this spike in the demand for
renewable energy (Shahsavari & Akbari, 2018).
Hydropower has a number of advantages over conventional-

based power generation resources, but some problems with
these power generation houses hinder power production.
Problems like cavitation, erosion, corrosion, vibration,
imbalance, and mechanical breakdowns, which not only
increase the downtime of the facility but also increase the
overall cost of power generation.

Sediment erosion is one of the leading causes of failure
and downtime for hydro-turbine plants situated in the
Himalayan and Uttarakhand regions of India and mostly
envelops the Indus, the Brahmaputra, and the Ganga
drainage basins. Turbine blades are the worst-affected
element within the entire hydro-turbine setup and are prone
to aggravated damage during the peak monsoon when
sediment transport increases up to 20,000 ppm (Masoodi &
Harmain, 2017). Also, Thapa et al. (2015) has reported about
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Eroded Francis blade after rig experiment
Time — 260 minutes

Eroded Francis blade at Chilla HPP
Time — 12 months

Eroded Runner outlet at Uri UPS
Time — 40 months

Fig. 1 Erosion wear damage results on Francis blade. Left to Right: Adapted from Masoodi and Harmain (2017);
Rajkarnikar et al. (2013) and Sangal et al. (2018), respectively

the loss in turbine hydraulic efficiency and its operating
reliability due to slit erosion. For instance, the working
efficiency of the turbine decreased by 2.38 and 4.97 percent
under full and half loading conditions respectively, for a
single monsoon season (year 2008-2009) at the Manari
Bhali project (Singh et al., 2013). A similar case was
reported in Nepal in 2003, when 69,000 tons of sediment
flow was recorded for a mere three-month span, with a
reduction in efficiency estimated at 4.0 and 8.0 percent for
the full and half load conditions respectively (Man &
Pradhan, 2004). Further, Uri and Dulhasti power stations in
Jammu and Kashmir are considered among the ‘extensive
damage’ regions, with runner requiring maintenance in as
short as one year. Furthermore, Fig. 1 represents the intensity
of damage to the Francis turbine blade for various time
intervals located at different locations in India.

Although, Padhy and Saini (2008) after performing an
extensive review of theoretical and experimental
investigations, suggested that only reductions in silt erosion
can be obtained not the complete eradication of silt erosion.
However, Thapa et al. (2012) emphasizes the optimization
of the geometrical characteristics of a Francis runner blade
to attenuate the erosion effect by about 30 percent, but this
is widely contradicted as it accelerates pitting in the guide
vane region. Similarly, Teran et al. (2016) proposed a trade-
off that demonstrated a total reduction in erosion by 39
percent at the cost of losing overall efficiency by 5 percent
using a modified flow distribution channel.

Thereafter, further studies pointed that the intensity of
erosion over a turbine blade relies on several governing
factors, such as the shape and size of silt particles, silt
constituents and their hardness, particle impingement
velocity, particle incident angle during the impact, particle
concentration, frequency of particle-blade interaction, blade
material, blade profile, and the operational angle of attack
(Hua et al., 2015; Peng & Cao, 2016). The presence of
extremely hard mineral (quartz) particles having a hardness
between 5-7 on Mohr’s scale usually forms an aggregate of
50 to 98 percent of the total silt concentration in a stream
(Masoodi & Harmain, 2017; Acharya et al., 2019). Such
high concentrations elevate the deterioration process, which
is also relatively dependent on the net volume flow rate of
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the sediment-water mixture. The relationship between
particle velocity and erosion suggested by Truscott (1972)
recommended that the erosion rate is directly proportional to
the velocity power law. The constitutive relationship can be
expressed as: Rate of erosion « V", where the exponent ‘n’
is reported to be in a range of 3-4 for a state of pure erosion
(Kang et al., 2016). Moreover, an experimental study
evaluating the effect of sharp and blunt particle shapes on
wear was characterized by Bahadur and Badruddin (1990).
Values of 1, 0.53 and 0.2, correspond to triangular, semi-
spherical and spherical shapes that are used during
calculations. Usually, the largest sediment particles are
expected in the upstream region when compared to the later
stages in the downstream region. Having said that, the same
is not always true but is location sensitive. In a similar way,
high flow rates arising due to unpredictable seasonal
transitions often increase the quantity of large sediment.
Hence, it is an important consideration from the viewpoint
of the erosion rate, which increases the sediment size and
quantity of sediment particles in monsoon seasons.
(Goodwin et al., 1969).

Several approaches have been employed to mitigate silt
erosion and reduce damage in hydropower plants. The
primary method involves deploying active sediment
chambers to prevent silt particles, typically larger than 0.3
mm, from entering the power plant, thereby facilitating
effective de-slitting of suspended particles. Additionally,
real-time water monitoring aids in comprehending silt
concentration, size distribution, mineral composition, and
other factors, serving as an early warning system for
hydropower facility operations. While complete elimination
of sediments is impractical, efforts must be made to reduce
them to a level that maintains the stream carrying capacity
and prevents turbine and components from wear
(Bishwakarma & Stele, 2008; Singh & Kumar, 2016; Rai &
Kumar, 2017). Another approach involves using high-
strength blade materials and preventative surface coatings
for high-velocity applications, acting as a barrier between
the turbine material and the working environment. The
effectiveness of various surface engineering processes such
as high velocity oxygen-fuel thermal coating processes,
friction stir processes, and so on was presented by Prashar et
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al. (2020), to counteract slurry erosion failure in
hydrodynamic turbines. In the study, factors such as
impingement angle, erodent size and shape, slurry
concentration, and coating process are crucial considerations
in this strategy.

However, introducing the injection of a secondary fluid
onto turbine component surfaces is a novel approach to
mitigate the impact of silt particles. While secondary fluid
injection is traditionally associated with cooling actions in
gas turbines and air injection is also used to improve the
dissolved oxygen of water facilities (Bunea et al., 2014), but
the idea of using air injection to reduce the silt erosion has
hardly been hitherto explored. In this regard, the closest
study was that of Arndt & Ellis (1993) who tested the effect
of the air injection in mitigating cavitation erosion and found
it very promising in minimizing cavitation erosion with the
application of a specially designed hydrofoil of the NACA
0015 profile with air injection holes at the leading edge.
Also, Dhiman et al. (2024) have highlighted the importance
of air injection in case of guide vanes to fight silt erosion in
hydro turbines and exhibited different operating conditions
of guide vanes implicating the real time scenarios of hydro
power plants. Later, Dhiman et al. (2024) conducted early
experiments to demonstrate the approach of air injection in
an experimental setup for guiding vanes in hydro turbines.
They suggested a reduction of about 27% and 38% in
sediment erosion after introducing an air envelope over the
surface of different fabricated samples. Guide vane samples
and experimental setup both are specially designed for air
provisions that allow the envelope of air over the surface of
guide vane samples that act as a mitigation medium to
increase the life of hydro turbines. The present study thus
explores the potential of silt erosion mitigation using air
injection in the context of silt erosion in hydro turbines. By
examining the multi-phase interaction between particle-
water suspension and injected air along the high-pressure
side surface of guide wvanes, theoretical models are
developed to establish erosion equations based on the
physics of particle rebound mechanics. Considerations such
as angle of attack and particle velocity during interaction are
paramount in evaluating the efficacy of this approach.

2. MATHEMATICAL MODEL
NUMERICAL METHODS

AND

The computational modelling of an aerated hydrofoil
positioned within a sand water slurry flow stream involves
complex turbulent interactions between distinct fluids and
the solid particles. This physical hydrodynamic scenario is
described using a three-way coupling of fluid-fluid, solid-
solid, and fluid-solid interactions together. The dynamic
exchange of momentum between water, air, and silt
particles, which represent the primary, secondary, and
discrete phases in the system, is then resolved to predict the
spatial erosion behavior over streamlined hydrofoil.
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2.1. Discrete Particle Model

For slurry flows, the interaction between silt particles
(the discrete phase) and water (the continuous phase) is
primarily resolved by a coupled Eulerian-Lagrangian
framework. Here, the Lagrangian coordinates are
responsible for recording the time-averaged particle
trajectory by integrating the translation and rotational
motion of particles. In such a case, a few considerations are
made for simplification, as follows: (1) spherical particles
are used; (2) suspended particles are independent of each
other, (3) Particle splitting is restricted; (4) particle rotation
is neglected and (5) pitting on the hydrofoil is neglected.
Hence, they all contribute towards achieving perfect wall
collision sites for the particles (Singh et al., 2019), and their
motion is governed by Newton’s kinetic equation (Grant &
Tabakoff, 1975; Li et al., 2019), as shown in equation 1.

The motion of particles is expressed as:
my, (dU,/dt) =3 Fyt+ Fy + Fq + F, (1)

where ﬁa, ﬁb, ﬁd, ﬁp define the forces corresponding to added
mass, buoyancy, resultant drag and pressure gradient. Each
of these terms can be independently expressed as follows:

F,=-112(xd3 p, dU,/dt 2)
Fy=16md} (0, —p) g (3)
E,=1/Azd3 vP (4)

Where my, dp, Pp, Up, and p represents the particle mass,
particle diameter, particle density, particle velocity, and fluid
density. Energy possessed by particles changes continuously
under the influence of external body forces, i.e., drag and lift
forces followed by rebound against the hydrofoil wall,
which in turn manipulates the behavior of carrier fluid. As a
result, fluid loses its mean momentum, and turbulence is
produced pragmatically due to drag, as recommended by the
authors (Zhang et al., 2007; Mansouri et al., 2015; Vieira et
al., 2016). The aggregate viscous drag forces acting on a
blunt particle are an amalgam of both pressure and skin
friction drag, as shown in Equation 5.

Drag force on a silt particle is given as:

Fdzl/ngUZCdA (5)

[4 = (w/4) D?, for spherical particle]

Here Cq4 (coefficient of drag) is usually a function of
particles geometrical attributes, and while authors Klajbar
and Konozsy (2016); Lote et al. (2018) have suggested
multiple drag laws, the one established by Morsi and
Alexander (1972) is used for spherical particles in this study,
which states:

Cq = P1+ (P2/Reg) + (Ps/Rey), [Re = (p dy |Up — Ul) / ]
(6)

Equation 6 includes P;, P>, and Ps3 constants that are
functions of the Reynolds number Re;, where the subscript
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Table 1 Values of different constants at a varying range
of Reynolds numbers

Constants
ReRange P P Ps
0<Re<0(.1 0 24 0
0.1 <Re<l 3.69 22.73 0.09
1 <Re<10 1.222 29.16 3.88
10 < Re <100 0.61 46.5 -116.67
100 < Re < 1000 0.36 98.33 -2778
1000 < Re < 5000 0.357 148.62 -47500
5000 < Re < 10000 0.461 -490.546 | 578700
Re > 10000 0.519 -1662.5 | 5416700

‘f’ denotes the fluctuations between discrete and continuous
phases due to the inertial effects. Table 1 provides
experimental insight into the variation of these constants as
they increase Re; (Karunarathne & Tokheim, 2017). All the
above equations describe the particle trajectories in the
prescribed domain under an established flow field. It is
necessary to highlight the fact that the location and
magnitude of erosion are very sensitive to particle dynamics
and pit growth during an impact, which is a stochastic
process and requires some sort of statistical explanation. In
this study, a state of equilibrium is investigated for appropriate
prediction of locations prone to pitting, followed by
comparing the effect of aeration under similar
circumstances.

2.2. Fluid Flow Model

The solution for the flow field of a fluid is
mathematically expressed using incompressible Navier-
Stokes equations, which comprise continuity and

momentum equations in partial form as defined in Equations
1 and 2.

VpV =0, [p=0] (7)
p(DV/Dt) =-Vp+p.G+uV?V + Sy, [p
@v/at+ (v.V)v] (®)

Where p, V, p, pg, and Sy denote the fluid density,
instantaneous velocity, pressure, body forces, and change in
momentum due to the solid phase, respectively. For
multiphase flows involving discrete particles, volume-
averaged approximation is done for each phase, and
alternate continuity and momentum equations [9, 10] are
proposed as follows:

Continuity Equation:

a/0t (appp) + V. (asps Vi) =0 )

Momentum Equation:

apppg + P. ‘?f + Cvmafpf (VpVVp -I/fVVf) + CLappf (Vf -
)
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a/ot (apppr)_Jr V (appp VoV ) = - ap VP + Kpp (Vi=1p)
+ apppg + 7. fp + C,,mappf (VfVVf _VPVVP) + CLappf (Vp
-Vp) (10)

Where ay, pr, Vr and ay, pp, 1, are the concentration,
density, and velocity parameters for fluid and solid particles,
respectively. T,is the stress tensor that can be expressed in
generalized form as (Zolfagharnasab et al., 2021):

T, =1 [(Vv +PvT) - 0.66( D) (11)

Where u, I represent the molecular viscosity and unit
tensor.

Further, VP, Ky, Cym, and C; are responsible for the
determination of the static pressure gradient, inter-phase
drag coefficient, effective mass-force coefficient, and lift
coefficient. The right-hand terms in the momentum equation
are the source of uncertainties and should be validated on a
case-by-case basis during approximations.

2.3. Multiphase Fluid-Fluid Model

The Eulerian approach facilitates the interaction
between water and air after the numerical solution is
initiated in order to stabilize the resultant flow field. The
relationship between Re and Cy is expected to be non-linear
beyond Re > 1 or when the particles are above the
Kolmogorov scale (Kaufmann, 2004). Hence, an appropriate
selection of drag and turbulence models determines the
accurate resolution of the desired flow constituents. In this
study, the Schiller-Naumann dynamic drag model is used to
satisfy momentum exchange between fluid-fluid mixtures.
Silva et al. (2015) previously carried out a similar type of
work and reported better agreement with the Schiller —
Neumann model than the Gidaspow model.

Momentum exchange coefficient under the influence of
drag can be written as (Acharya et al., 2019):

(12)

The subscripts ‘/ and ‘g’ in Equation 12 denote the
primary phase (water) and secondary phase (air). Drag
Function fcan then be equated as Cq4.Re/ 24.

Cq can be further calculated by Schiller-Naumaan
expression:

Cq =24 (1+0.15Ref®®7) /Res: {when Ref < 1000}
Cq = 0.44: {when Re; > 1000}

Kiq = (18 agps agyq f)/ prd}

(13)

The author provided relevant experimental evidence
(Peng & Cao, 2016), stating that C, is approximated as
0.445 for a Newtonian fluid mixture within the range of 800
< Re < 3 x 10°. Moreover, it is also deduced from the
graphical comparison between several drag models that
Morsi Alexander models were in great agreement with the
results of the Schiller — Naumann model.

2.4. Turbulence Model

Turbulence is generally modelled by transforming the
governing N-S equations into RANS (Reynolds Averaged
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Navier-Stokes) form, where the velocity (Uj) is
decomposed into its mean (L_Ij) and fluctuating ()
components (Johansson, 2012). A robust two equation K-

SST (viscous) model is employed for current work, which is
a hybrid blend between Wilcox K- w and K-& models.

The hybrid nature facilitates the use of the omega model
in resolving the boundary layer near the object wall, where
the viscous effects are predominant. Also, the adequate wall
treatment makes it less sensitive to near-wall effects when
compared with the K-& model. It is then followed by a
smooth transition to the Epsilon model as the flow
approaches free stream velocity (U, ). Moreover, existing
literature (Ducoin & Young, 2013; Devolder et al., 2017)
provides evidence of higher solution accuracy for problems
pertaining to drag estimation, cavitation, hydrodynamic
waves, and intermediate-to-high Reynolds flow separation
using the SST (Shear Stress Transport) model.

2.5. Erosion Model

A wide array of erosion models has been assembled
based on different experimental conditions, typically
comprising the Finnie erosion model (Finnie, 1960), Oka
erosion model (Oka et al., 2005), McLaury erosion model
(McLaury et al., 1995), Grant and Tabakoff erosion model
(Grant & Tabakoff, 1975), Ahlert erosion model and Forder
erosion model (Forder et al., 1998). A detailed survey of
existing literature can be referred by using the author’s
previous work (Padhy & Saini, 2008; Arabnejad et al.,
2015). All of the stated models in general evaluate the
erosion rate (ER), which is a function of V,, 6p, D,
Fs,, BHy, and p; is defined as, particle velocity, particle
impact angle, particle diameter, particle shape and size
factor, hardness, and density of the target body. The standard
expression relating velocity (V™) and the dimensionless
function of impact angle () is proposed in this form:

ER=KV"f(y) (14)

The rebound behavior is then resolved by calculating
the normal and tangential coefficients of restitution. The
coefficient of restitution is defined as the ratio of the
particle’s rebound velocity to the impact velocity that
accounts for the loss in the particle’s kinetic energy after
impact. Accurate prediction of particle trajectories is solely
responsible for the estimation of erosion rate, and a great
deal of studies subjected to hydro abrasive wear have
employed the Grant and Tabakoff model in recent times
(Acharya et al., 2019; Neopane et al., 2012; Rakibuzzaman
et al.,, 2019). One of the main reasons suggested for the
selection is the possibility of modifying a large number of
dependent coefficients. However, both the Finnie and
Tabakoff models support the fact that the tangential velocity
component is the most significant contributor to ductile
erosion when compared with the normal velocity
component. In this study, simplified model schemes by
Finnie and Mclaury were investigated as follows:
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2.5.1. Finnie Erosion Model
f()=1/3.Cos? (y) if tan (y) > 1/3 (15)
f(y)=Sin (2y) —3.Sin? (y) if tan (y) < 1/3 (16)

where values of velocity exponent ‘n’ for ductile material
and model constant ‘K’ are taken as 3 and 2.12 e-07,
respectively, along with a maximum erosion angle ‘y’ of 30
degrees for quartz particles (Rakibuzzaman et al., 2019).

2.5.2. McLaury Model
K =F BHX 17)
S =by? +cyify < Vi (18)

f(y)=x.Cos? (y). sin(wy) +y. Sin? (y) + zif y > y};(19)

where values of imperial constant (£), Brinell’s hardness
number (Bh) of the target body, and wall material coefficient
(k) are taken as 1.99 e-07, 187, and -0.59, respectively,
corresponding to carbon steel. Other model constants b, c,
w, x, and y used for impact angles are taken as -13.3, 7.85, 1,
1.09, and 0.125, respectively. The velocity exponent (7) and
transition angle (y) are kept constant at 3 and 30 degrees.

3. COMPUTATIONAL DOMAIN AND
BOUNDARY CONDITIONS

The geometrical details of the physical model used for
simulations focused on erosion prediction of hydrofoil under
silt laden fluid flow is shown in Fig. 2. The test domain
dimensions are 1.76 m in length (stream-wise direction: Y-
axis), 0.12 m in breadth (span-wise direction: X-axis), and
1.06 m in height (stream-normal direction: Z-axis)
respectively. The incoming fluid passage is then subdivided
into primary and secondary inlets to achieve better control
by having concentrated injection of particles in the path
of hydrofoil itself. Silt particles are only released from the
primary region, which has a total area of 0.052 m?, whereas
free stream water enters at a velocity (U, ) of 10 m/s through
all regions with turbulence intensity lower than a value of
0.05%. Also, Zhang et al. (2007) have previously suggested
that the erosion estimation becomes independent of the
particle concentration above a certain limit, which was later
proved by Vieira et al. (2016) in their numerical study on
internal pipe erosion. Similarly, Mansouri et al. (2015)
performed an impingement jet study with 50,000 particles
for gas-solid and liquid-solid cases to conclude that erosion
results were independent of the particle count. The statistical
analogy stands true for the present study, and hence 12,900
incoming particles per cycle are similarly found adequate,
where one cycle corresponds to ten iterations. This is
achieved using the Rosin-Ramler method, where a discrete
cycle of injections for a range of particles accounts for 100%
mass fraction for each size interval. Here, the minimum size
of 0.08 mm, maximum size of 0.2 mm, and average size of
0.1 mm particles are selected as input constraints to closely
match the sieve test data that was experimentally determined
by collected sediment samples from three different
hydropower plant sites and around 1 kg of these sample each
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shows different grain size. Most of the sediment particles fall
under a range of 0.15 mm of grain size. (as shown in Fig. 2

(d)).

The resultant slurry flow then strikes the hydrofoil
obstruction, which is taken as a NACA 4412 profile having
a chord length (y = L) of 0.16 m and a span equal to the
aforementioned domain breadth, which is the baseline case.
Reynolds number (Re;) of 1.22 ¢10° against L at various
angles of attack is responsible for the boundary layer
thickness, where Reynolds number is defined by (Re;, =
pUyy / 1) and p, u are the density and kinematic viscosity of
water. Further, to evaluate the erosion characteristics under
aeration, a source of air injection at distance (y = 8/L) from
the leading edge is provided as a continuous slit with an
aspect ratio (Ly / Ly ) of AR = 3.52, which is referred to as
the aeration case. This particular anatomy for injection is
selected in order to satisfy the Coanda effect and
consequently allow air to form a shielding blanket on the
pressure side of the blade. It is expected to mitigate the
trajectories of particles spatially and reduce the overall
erosion magnitude, which primarily occurs during impact
interaction impact. However, it is also important to consider
the drag (Cq4) variation arising in such a case and identify
suitable tradeoff strategies at different exit velocities(U,) of
air. ‘No-slip’ condition is only valid near hydrofoil wall,
whereas the viscous-shear effect (t = p (du/dy)) is
neglected on other remaining walls within the domain by
using periodic symmetry for side walls and specifying (shear
stress = 0) for top and bottom walls, respectively. This is
done to idealize an actual sea-stream condition and avoid
any particle reflection against the wall that might make the
case sensitive to unreasonable particle interactions and
provide misleading arguments. Domain outlet is employed
at zero-gauge pressure, which represents (OwOx =0wOx
=0woOx = (). Any effect of temperature variation is not
considered in this study, and the boundary conditions are
subjected to a 30° C ambient temperature.

Fig. 2 Geometrical details of physical model used in simulation shown in (a), (b) and (c)

The present study has employed commercial software
package Fluent 19.1 to carry out coupled interaction
between primary phase refers to the main fluid phase in the
system which is water, secondary phase refers to another
fluid phase present in the system which is air or bubble
dispersed within the primary phase , and discrete phase
refers to individual particles or entities that are distinct from
the continuous fluid phases such as silt particles, by
integrating the viscous model K-omega SST, this type of
turbulence model used to simulate the effects of fluid
viscosity and turbulence on flow behavior; with the Multi-
phase model that allow to simulate the behavior of multiple
fluid phases within a single computational domain and the
discrete phase model to simulate the motion and behavior of
individual particles or droplets within a fluid flow. It tracks
the trajectories of discrete particles based on forces acting
on them.

A pressure-based solver is used to resolve the governing
equations over control volumes for achieving the steady-
state solution. An expensive coupled algorithm that
simultaneously solves for all variables with pressure
interpolation is preferred over simple formulations to control
accuracy and establish an accelerated convergence error
limit set at 1 e-06. A second-order upwind scheme is used to
discretize the non-linear convective terms within
momentum equations, followed by the viscous terms.

4. NUMERICAL VALIDATION

The accuracy of the numerical method is validated by
examining the grid sensitivity (Sadrehaghighi et al., 1992;
Bogey, 2018; Koomullil et al., 2008). For this purpose,
Cartesian cut-cell and O-grid hexa methods are utilized in
devising high-order grids for the simulation as illustrated in
Fig. 3, Fig. 4, and Table 2. The spherical particles are used
under specific assumptions which include the independence
of suspended particles from each other,
restrictions on particle splitting, neglecting particle rotation,

473



P. Dhiman et al. / JAFM, Vol. 18, No. 2, pp. 468-484, 2025.

L

a) Mesh Type 1: O-Grid Hexa

(b)

Mesh Type 2: Cartesian Cut-Cell

Fig. 3 Details of the computational grid

0.06400 44805  67e05 89e:05  11e04 13604 16604 18604  2.0e-04
—— ' ‘ —|
Dpm Erosion Rate Mclaury [kg s*1 m*-2]

Fig. 4 Grid refinement test results for estimation of erosion behavior on pressure side of hydrofoil using two mesh
types: O-grid hexa (Cases 1-3) and Cartesian Cut cell (Cases 4-6)

Table 2 Details of the element count, coefficient of Drag and Erosion rate for different mesh types

Mesh Type 0-Grid Hexa Cartesian Cut Cell
Case-1 Case-2 Case-3 Case-4 Case-5 Case-6
Element Count (million) 0.949 1.276 1.401 0.51 1.04 1.241
Coefficient of Drag (Cq) 0.696 0.674 0.651 0.716 0.648 0.644
Erosion rate (kg/m?s) 1.25¢-03 7.26 e-04 8.84 ¢-04 1.48 e-04 8.71 e-04 9.11 e-04

and disregarding pitting on the hydrofoil. These assumptions
collectively aim to ensure optimal conditions for particle-
wall collisions. The velocity of solid particles is determined
by Newton’s kinetic equation within the Discrete Particle
Model and by the particle momentum equation in the Fluid
Flow Model. Additionally, the erosion model considers the
properties of the wall material, employing a ductile material
characterized by a wall material coefficient of £ =-0.59. This
structured approach ensures a coherent narrative, beginning
with the validation of the numerical method and proceeding
to detail the simulation setup and underlying conditions.

The appropriate prediction of drag attributed to viscous
effects normal to the hydrofoil wall depends on the accuracy
of boundary layer resolution, which is directly proportional
to the level of refinement. In order to achieve this while
using the K-omega model for low Reynolds flow, it is
preferably required to have a dimensionless distance y* <5
which refers to the threshold between the viscous sublayer
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and buffer layer. Here, y* is defined (Reichardt, 1951) as:
y*= y.u. /v, where y is the first cell height, u.is the
frictional velocity, and v is the kinematic viscosity. In the
present case, 24 inflation layers with a growth rate of 12%
between consequent layers and a bias factor of 36 are
selected to maintain y*below 5 for both cut-cell and O-grid
mesh types, respectively. It is also noteworthy to mention
that with increasing angle of attack, the resolving buffer
regime (5 < y* < 30) and logarithmic regime (y* > 30)
are considered insignificant as they fail to provide any
reasonable effects.

5. RESULTS AND DISCUSSIONS

The presented study aims to significantly contribute to
the longevity of hydro turbines by exploring the novel
approach of secondary fluid injection to mitigate silt erosion.
However, the study doesn’t delve into other operational
parameters, keeping ahead the objective of the study.
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Nonetheless, the study's value lies in its innovative approach
and its potential to enhance turbine life in a productive and
resourceful manner without compromising the material
properties of the blades and other components.

This study analyzes the erosion effects of silt content,
air-water phase interactions, and flow dynamics around a
guide vane used in Francis turbines with the NACA 4412
hydrofoil. The O-Grid Hexa mesh element counts are 0.949,
1.276, and 1.401 million for cases 1, 2, and 3, respectively.
While the Cartesian Cut mesh counts are 0.51, 1.04, and
1.241 million for cases 4, 5, and 6 respectively, also
presented in Table 2. Operational parameters include silt
concentration in water stream (m) of 2500 ppm and 5000
ppm, velocity of air injection (v) from 7.5 m/s to 17.5 m/s,
the angle of air injection or degree of air injection at which
air is injected on the surface (d) of 30° and 90°, angle of
attack of the hydrofoil (a) of 10° and 20°, and a free stream
velocity of 10 m/s. The Euler-Euler-Lagrange model with
the K-omega SST turbulence model predicts erosion wear
behavior with and without air injection. Air injection is from
a continuous slit at y = 8/L from the leading edge with an
aspect ratio (AR) = 3.52. Simulation accuracy is validated
using the grid sensitivity method.

5.1. Effect of Air Injection in Mitigating Silt Erosion

Simulations and numerical analysis in the present study
has been established that air injection on the surfaces of
guide vanes can mitigate silt erosion. The simulated object
used is ventilated guide vane similar to the ventilated
hydroturbine used in previous study (Arndt & Ellis, 1993).
It has been observed from the simulation results that air
injection helps mitigate silt erosion in the following ways:

5.1.1. Creating a Buffer Zone

It is believed that air on the surface of the guide vane
works as a buffer and creates a cushioning effect that reduces
the impact of silt particles on the surface of the vane. This
assists in decreasing the abrasive wear generated by the silt
particles present in the water stream. Also, by forming a
membrane of separation between the water and silt particles,
air in the water flow can decrease the shear stress applied to
the surface of the blades. This reduces the abrasive impact
caused by silt particles in the water stream on the guide
vanes.

5.1.2. Modifying the Mechanics of Flow

When air is added, the water's flow characteristics
change, delivering the silt particles more uniformly
throughout the water stream. From simulation images, it can
be observed that this can minimize localized erosion by
preventing the accumulation of silt particles on certain
surfaces of the turbine components. Furthermore, following
air injection, which lowers the effective kinetic energy of the
water stream, the apparent density of the water is also
decreased. Consequently, the influence of silt particles on
the surfaces has diminished, thereby diminishing the
intensity of silt erosion.
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5.1.3. The Carrying-Away Effect

From the results, it has been seen that the air injected
helps in carrying away parts of the silt particles in the water
stream, avoiding accumulation and impact at one place on
the vane surface. This continual draining activity can help
keep the surfaces of the guide vane cleaner while lowering
the possibility of silt erosion. This effect is dependent on the
velocity of the air injection and the angle of the air injection,
as these two parameters mark the impact on the carrying-
away effect, which really plays a major part in mitigating the
silt erosion.

5.2. Simulation Results with and Without Air Injection

The simulation findings pertaining to air injection
demonstrate a significant decrease in the erosion rate. Based
on the information presented in Fig. 5, it is apparent that by
maintaining constant values for variables a and m and
introducing air at d=30° with a v=7.5 m/s, the reduction in
erosion is of around 56%. This analysis disregards the initial
impact caused by silt-laden water. A common observation in
both scenarios is that upon first contact with the surface,
water induces a significant erosion rate. However, this rate
subsequently diminishes down the profile. Further, it seems
that the erosion rate is very consistent in both scenarios and
remains at a low level. This is due to the particle separation
from the profile surface, which limits the silt-laden water
from affecting the surface of the profile.
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Fig. 5 Erosion rate vs span of guide vane without
and with air injection for a=10°, m-2500 ppm,
d=30° and v=7.5 m/s

Moving forward, when m=5000 ppm, as shown in Fig. 6, the
following comments can be made. First, the pattern of
erosion rate with and without air injection is quite similar to
the previous case. Second, the erosion rate with and without
air injection is considerably higher as compared to Fig. 5.
This change is there because of the increase in the value of
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Fig. 7 Erosion rate vs span of guide vane without and
with air injection for a=10°, m=2500 ppm, 4=30° and
v=17.5 m/s

m. As m increases, the number of silt particles increases, the
impact caused by the particles increases, which leads to
more wear and erosion on the surface area. But with the
introduction of air injection, it can be seen that the erosion
rate drops with a considerable amount and leads to less
erosion.

Following the change in velocity of air injection from
Fig. 7, it can be perceived that with increasing velocity, the
value of the erosion rate drops significantly, giving a great
sense that the erosion rate is about to reach zero. Initially it
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Fig. 8 Erosion rate vs span of guide vane without and
with air injection for a=10°, m=5000 ppm, d=30° and
v=17.5 m/s

has some values greater than one, but later on, the whole
span of the vanes seems to be less than one and near zero.
Even with no air injection moving further along the span, the
erosion rate decreases, but not as much as in the case of air
injection. Continuing with this velocity of air injection when
the m=5000 ppm, there is a substantial increase in the value
of silt erosion in the case of no air injection, but if we look
at the blue line in Fig. 8, it seems the same as in the previous
case, meaning a very low erosion rate. It seems that even
with the increase in the values of m, air injection is playing
its role very adroitly and allowing the silt erosion rate to be
as minimal as it can be, which is near zero. When m
increases, it seems that the erosion rate increases. This is
obvious because as the number of particles increases, silt-
laden water has a greater tendency to wear the surface of
guide vanes. However, as we can see from Fig. 6 and Fig. 8,
m is increased and with the help of air injection, we can still
see a notable difference in the erosion rate, which ultimately
increases the life span of the components of the hydro-
turbines. The most significant observation from Fig. 5 to Fig.
8 is that the line representing the erosion rate exhibits
minimal vertical displacement from the reference point and
remains mostly horizontal near the x-axis. This indicates that
the silt erosion rate can be significantly reduced,
approaching zero, through the implementation of the air
injection technique. Consequently, it can be suggested that
the utilization of this technique has the potential to enhance
the operational life of turbine blades and other turbine
components.

Further moving forward, we have compared different
parameters through the simulation within the air injection
and tried to find optimized values for injecting air to mitigate
silt erosion. However, every case has consistently shown
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that there is a decrease in silt erosion compared to the cases
without air injection.

5.3. Effect of Velocity of Air Injection

The v is an essential factor that can substantially affect
the performance of the air injection concept in mitigating silt
erosion. It appears from the results that higher velocities
keep the silt particles elevating and suspending in the water
stream, which allows them not to strike to the surfaces and
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minimizes the risk of silt erosion in hydroturbines.
The localized patterns of flow surrounding the guide vanes
can be altered when air injection velocity is increased. This
has an impact on the paths and likelihood of sediment
particle impingement on turbine surfaces. Also, at higher
velocities, the dissemination of air bubbles is proper, which
allows air to create a more efficient layer over the surface,
which minimizes the direct contact between the surface and
the silt particles in the water stream.
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5.3.1. Case-1 (a=10°, m=2500 ppm and d=30°)

From Fig. 9 and Fig. 10, it can be seen that with the
increase in the value of v, there is a decrease in the rate of
erosion; however, initially, every velocity show almost the
same value of the erosion rate, but later, moving on the span,
higher velocities are showing better results, a reduced rate of
silt erosion. In Fig. 9 and Fig. 10, it can be seen that
parameters are considered as a=10°, d=30° and m=2500
ppm while varying the values of v. All of these cases involve
air injection over the span of the guide vane. The green color
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Fig. 10 Erosion rate vs span of guide vane with different velocities of air injection for 4=10°, m=2500 ppm and 4=30°
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line (in Fig. 10) shows the best result where the rate of
erosion is nearly zero or less than 0.1 for most of the span.
Therefore, it can be stated that a guide vane running under
this condition will have more life as compared to all the
other cases.

5.3.2. Case-2 (a=10°, m=2500 and d=90°)

In the following case, the value of d is changed
from 30° to 90°, and the changes we have seen in the
simulation images are shown in Fig. 11 and Fig. 12. The
changes in the rate of erosion with varying v are almost the
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Fig. 12 Erosion rate vs span of guide vane with different velocities of air injection for a=10°, m=2500 ppm and d=90°

same as they were in the earlier case, except for case 5, when
v=17.5 m/s, where in the last case it was the minimum rate
of erosion, whereas here it is not. In this case, the minimum
erosion rate can be seen when v=12 m/s. However,
comparing Fig. 9 and Fig. 11, it can be observed that silt
particles are more homogeneously mixed in the case when d
is increased and they are farther away from the surface of
the guide vane. Not only that, but from Fig. 10 and Fig. 12,
it can be seen that, until case 4, the effective rate of erosion
is at its minimum when d=90°.

Air injection on hydro turbines is a highly complex and
intricate phenomenon; thereby, answering for any change in
the system will be a combination of multiple things. For the
sake of subject matter, it can be inferred that by increasing
d, the envelope made by air bubbles has some more room to
cover and is providing a better buffer for the layer of air. This
allows silt particles to hardly make any contact with the silt
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particles. However, as earlier said and shown, air injection
is a convoluted phenomenon. In other cases, we can see
which there are alterations in the values of the rate of erosion
at higher v and d. in v, but if d is increased, we can see some
better results until we increase the velocity to 17.5 m/s. Here,
the higher v and d have changed the whole characteristics of
water flow and mixing behavior over the surface of the guide
vane, due to

5.3.3. Case-3 (a=10°, m=5000 ppm and d=30°)

Moving ahead, m is changed from 2500 ppm to 5000
ppm. Simulation results on the span of the guide vane are
shown in Fig. 13, and the rate of silt erosion with changes in
v is shown in Fig. 14. Contrasting Fig. 9 and Fig. 13, it can
be confirmed that figures show that the amount of silt
particles is increased in the water stream due to which
the amount of silt erosion has definitely increased, but as we
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Fig. 14 Erosion rate vs span of guide vane with different velocities of air injection for a=10°,

have already established, it is still less than no air injection
condition. From the figures, it can also be confirmed that
increasing v has a positive effect, allowing the silt erosion
rate to be minimal.

However, comparing Fig. 10 and Fig. 14, we can
interpret that yes, there is an increase in the rate of erosion
when the silt particles are increased, yet with the
introduction of air injection, it can be dragged down to the
horizontal axis that is near zero, and with the increase values
of v, the line is nearly touching the horizontal axis, proving
the phenomenon to be very fruitful and practical for the
mitigation of silt erosion in hydro-turbines.

5.3.4. Case-4 (a=10°, m=5000 ppm and d=90°)

Advancing in the comparison of the parameters, now the
value of a=90° and the m=5000 ppm. For this case, there can
be multiple comparisons, first and foremost with and
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m=5000 ppm and d=30°

without air injection, which results in the conclusion that air
injection allows a reduction in the rate of erosion, as can be
inferred from Fig. 16. The second comparison is when
m=2500 ppm and ¢=90°. This comparison can be made with
Fig. 12 and Fig. 16, and it can be perceived that as m
increases silt erosion rate also increases, but still far less than
the case of no air injection as shown in Fig. 6. The third
comparison can be made between the values of a keeping
silt concentration constant, and this can be presented with
the help of Fig. 14 and Fig. 16. Once again, this outcome is
consistent with the discussion in Case 2, in which we
confirmed that increasing the value of d not only enhances
the efficacy of air injection but also gives a whole new
pattern to the flow of a water stream consisting of silt
particles. Also, Fig. 14 shows the lowest value of erosion
rate is at d=30° and v=17.5 m/s. However, in the case of
d=90°, it is at v=12.5 m/s in Fig. 16.
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Fig. 16 Erosion rate vs span of guide vane with different velocities of air injection for a=10°, m=5000 ppm and d=90°

However, if we look closely and compare the cases
when we have a higher value of d, we can deduce that we
have better results and the reduced value of the erosion rate,
except for the case when the value of v is higher which

shows that there is no need to increase v for higher values of
d.

To make some other deductions from the simulation and
for further research on the air injection topic, the value of a
is increased and the simulations for the same velocities but
for d=90° and keeping m=5000 ppm. The results are
discussed in Case-5 and the results will show what changes
have been observed in making those changes in the profile
parameter.

5.3.5. Case-5 (¢=20°, m=50 ppm, and d=90°)

When we increase a, then a lot is unfolded, which leads
to an increase in the lift forces and drag forces acting at the
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surface of the profile. These forces bring about changes in
flow patterns and transform the pressure distribution on the
surface of the profile. Although we know that higher a value
will directly increase the power harnessing capacity but will
subsequently increase the values of erosion rates. Thus, the
value a can be tailored for the hydro-turbines' optimum
power and efficiency by achieving a suitable balance
between drag and lift forces.

However, simulation results are no different from other
cases; the results show that the values of erosion rates are
lower than in cases without air injection, but it has been
established that the flow dynamics are more turbulent in this
case; henceforth, it has become more complex, and thereby,
the values of erosion rate are higher than in the case of a
lower value of a. Fig. 17 shows the impact of silt particles
over the span of the guide vane and comparison of different
cases. Another reason is that here the value of m=5000 ppm,
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Fig. 18 Erosion rate vs span of guide vane with different velocities of air injection for a=20°, m=5000 ppm and d=90°

in which it is obvious to have more erosion. Higher
velocities will lead to making the silt particles separate out
the from water stream over the surface of the profile. Fig. 18
shows the values of the rate of silt erosion over the span of
the guide vane. Although increasing value of v is showing
better results, providing minimum values of silt erosion
rates, the effective patterns of the velocities over the span of
the guide vane are more or less the same. As shown in Fig.
18, it can be observed that in the middle of the span, it hardly
matters what the velocity is; almost every velocity shows a
similar result. It can be observed that the higher value of a
has increased the turbulence; with higher velocities, it gets
more complex. However, air injection is doing its
fundamental work of reducing silt erosion, but not better
than the lower values of a, because of the complexity of the
system.
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6. Conclusion

In conclusion, the efficacy of air injection on hydro
turbine surfaces in mitigating silt erosion is addressed in the
present study. Significant advantages have been
demonstrated using simulations with varying operating
conditions for a NACA 4412 profile of guide vane. The
simulation initially compared the cases of erosion rate with
and without air injection, which shows the carrying-away
nature of air that allows the movement of silt particles from
the guide vane, which reduces the risk of damaging the
surface. Also, from the simulation, it is established that a
shield of air is formed on the surface of guide vane, that
reduces the momentum of silt particles and consequently
reduces the impact about 66% at m=5000 ppm and about
78% at m=2500 ppm. Later, in the study, different operating
parameters are studied, which concludes that the angle and
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velocity of air injection play a vital role. It is observed that
for v=7.5 m/s to 17.5 m/s keeping m=2500 ppm, a=10° and
d=30°, it produces the maximum reduction of about 70% in
erosion rate after the initial impact of silt particles on the
guide vane span. When the value of a=90°, the maximum
reduction is observed at 12.5 m/s and around 40% reduction
in erosion rate.

The study shows promising results, and these findings
present a rich simulation datasheet to get a better know-how
of the evolving phenomenon of air injection in mitigating
silt erosion in hydro turbines. The life of hydro turbines
affects the power plant because hydro turbines are the heart
and most expensive component of the power plant.
Replacing and repairing them requires a lot of energy and
expense. Thereby, increasing the life of a hydro turbine will
decrease the cost of power production as well as the
environmental impact caused by the powerplant by reducing
the energy required to run the plant. The implications
extended beyond the theoretical insights, impacting practical
applications and decision-making in power plant operations.
By enhancing the lifespan of hydro turbines, this research
contributes to cost reduction in power production and
minimizes the environmental footprint associated with
hydropower facilities.
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