MATERIAL SCIENCE

OBRABOTKA METALLOV %

Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science. 2023 vol. 25 no. 4 pp. 268-283
ISSN: 1994-6309 (print) / 2541-819X (online)
DOI: 10.17212/1994-6309-2023-25.4-268-283

Obrabotka metallov -

Metal Working and Material Science

Journal homepage: http://journals.nstu.ru/obrabotka_metallov

Numerical study of titanium alloy high-velocity solid particle erosion

Evgeny Strokach ", Gleb Kozhevnikov °, Aleksey Pozhidaev©, Sergey Dobrovolsky ¢

Moscow Aviation Institute (National Research University), 4 Volokolamskoe shosse, Moscow, 125993, Russian Federation

https://orcid.org/0000-0001-5376-1231,  evgenij.strokatsch@mai.ru; b https://orcid.org/0009-0001-4622-7476,  kozhevnikov.mai@yandex.ru;
https://orcid.org/0000-0002-7667-5392,  pozhidaev.mai@xmail.ru; ¢ https://orcid.org/0000-0002-1884-1882,  dobrovolskiy s@mail.ru

ARTICLE INFO

ABSTRACT

Article history:

Received: 15 September 2023
Revised: 29 September 2023
Accepted: 28 October 2023
Available online: 15 December 2023

Keywords:

Erosion wear
Numerical simulation
Solid particles

Ansys FLUENT
Shape factor
Ti6Al4V

CFD

Solid particle erosion
GEKO

Turbulence model
RANS erosion study

Funding

The research was funded by the
ministry of Science and Higher
Education of the Russian Federation,
grant number FSFF-2023-0006.

Acknowledgements

Research was partially conducted at
core facility “Structure, mechanical
and physical properties of materials”.

Introduction. Predicting solid particle erosion (SPE) in gaseous flow and managing its intensity is still a
relevant problem in mechanical engineering. It requires the development of a general modeling methodology,
which also depends upon many special cases studying various physical processes. Such studies should also
include verification analysis, process parameters and model sensitivity studies. Mainly computational fluid
dynamics and finite element analysis (and mesh-free methods such as smooth particle hydrodynamics or
similar) are used to simulate the erosion process. Papers focused on CFD simulation of solid particle erosion
of metal alloys are widely presented, but most of it is associated with relatively low or medium particle
velocities (< 100—150 m/s) and is close to uniform diameter distribution. This paper presents a CFD study of
Ti Al,V titanium alloy SPE at relatively high particle velocities and sufficiently non-uniform unimodal particle
diameter distribution. The paper also studies the turbulence model influence and particle shape effect which
appears as a “shape factor” coefficient in the particle drag model. Methods. The heterogenous flow simulation
was based on the Reynolds-averaged Navier-Stokes formulation, where the particles, according to Euler-
Lagrange formulation, were simulated as mathematical points with corresponding properties. The influence
of turbulence models, such as k-epsilon standard, RNG k-epsilon, and a relatively new Generalized equation
k-omega (GEKO) model and its coefficients were also studied. Oka and DNV erosion models were also
compared based on the general sample mass loss and more specific erosion intensity profile criterions. The
simulation results were compared to the lab-scale experimental results. Results and discussion. It is shown
that neither erosion intensity profile or sample mass loss do not depend upon the turbulence model choice or
GEKO parameters variation. As expected, erosion is dependent on the erosion model and its coefficients. A
notable influence of the shape factor is shown. As the drag coefficient increased due to the particle shape, the
erosion intensity decreased and the erosive profile on the surface also changed due to the changing velocity
and diameter distribution of the heterogenous flow. It is expected that such results would be useful not only
for erosion prediction in all areas of mechanical engineering, but also for wear management in mechanical
assemblies and shot peening / shot peen forming management and simulation.

For citation: Strokach E.A., Kozhevnikov G.D., Pozhidaev A.A., Dobrovolsky S.V. Numerical study of titanium alloy high-velocity solid
particle erosion. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2023, vol. 25, no. 4,
pp. 268-283. DOI: 10.17212/1994-6309-2023-25.4-268-283. (In Russian).

Introduction

Solid particle erosion, particularly in the gas flow, is a prevalent issue across aerospace, energy,
automotive, and various other sectors. Experimentation on different particle materials, surface and coating
materials, flow conditions, particle characteristics, and more has generated a wealth of research on this
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phenomenon. Many empirical-analytical methods were developed to estimate engineering erosion rates.
These include the Finnie, Bitter, Oka, Tabakoff approaches, among others. These methods were applied and
continuously improved over time. Recently, numerical modelling methods using both CFD (computational
fluid dynamics) and FEA (finite element analysis) as well as SPH (smooth particle hydrodynamics) and its
derivatives, which allow for the study of micro-level processes [1, 9—14], have made significant progress.

Previously, the text provided a brief overview of erosion modeling methods, examining some works
that applied CFD and FEA [8]. One of the most commonly used methods for modeling and verification is a
system comprising one or more 90° bent channels that accelerates particles using a carrier phase, typically
air, which in turn erodes the surface [2, 3, 15]. When modelling particle motion using CFD, the Euler-
Lagrange approach is commonly used to depict particle groups as mathematical points with known mass,
material and dimensions [16—18]. In publications, authors compare and suggest various turbulence models,
with calculations typically based on the Reynolds-averaged Navier-Stokes equation system, alongside semi-
empirical erosion models, depending on the specific issue.

Shinde et al. [1] conducted an excellent review of the use of CFD and empirical-analytical models.
The authors establish that CFD has a high level of accuracy for various issues and note the need for new
empirical-analytical relationships and estimating particle angle of incidence, which relies on carrier phase.

The findings regarding erosion wear caused by particles in fluid flow that cannot be compressed, known
as “slurry erosion”, are relevant to erosion in a gaseous medium as well. Therefore, the E/CRC group’s
representatives, H. Arabnejad [19] and A. Mansouri [20], have created and confirmed empirical-analytical
connections by separating the types of wear: deformation and abrasion, which was previously suggested
by Bitter [6, 7]. These models involve numerous parameters, covering aspects such as particle shape, flow
conditions, and surface material. Overall, these relationships hold great potential for modelling erosion in
gaseous media.

The contemporary examination of erosion by particles involves FEA and SPH modelling. This approach
was scrutinized in multiple reviews, including those by R. Tarodiya and A. Levy, A. Krella, V. Bonu and H.
Barshilia, A. Fardan [9—12]. Modern works are focused on refining material models that describe plastic
behavior and fracture conditions, as well as the influence of sample temperature, coatings effectiveness,
particle shape and size. Additionally, these works also take into account the conditions of particle flow,
including velocities, mutual collision, angles of incidence, and particle rotation. This became possible due
to the ability to model particle-surface collisions explicitly [21-28].

Despite significant effort to develop a methodology for modelling the erosion caused by solid particles
on different materials and under various conditions, there is currently no universally applicable methodology
to describe both micro- and macro-level processes. However, ongoing studies examine specific phenomena
and the impact of mathematical models on material erosion in particular cases.

This paper is focused on the modelling of surface erosion in a popular titanium alloy (7i A/, V) caused by
Si0, particles flowing in air. Accurate gas flow description is crucial in this modelling process, particularly
when using the most common Reynolds-averaged Navier-Stokes equations (RANS) approach that requires
the selection of a turbulence model. CFD erosion modelling involves estimating the surface material
entrainment rate as a function of particle impact conditions. Typically, empirical-analytical methods are
used, relying on empirically-based coefficients for a narrow range of conditions. These coefficients may
require adjustment, and it is necessary to evaluate the model sensitivity to its variation.

Many studies analyzed the impact of turbulence models in CFD modelling of the particle erosion process.
However, most of these studies were conducted at low velocities of heterogeneous mixture flowing on the
surface (less than 150-200 m/s) and did not incorporate the relatively new generalized equation k-omega
(GEKO) model [29-31]. The model can be calibrated using multiple coefficients to mimic a particular issue
while sustaining coherence and physicality. In this paper, the GEKO model is analyzed in comparison to the
commonly used k-epsilon standard and RNG, with particular emphasis on its unique features.

Additionally, current publications primarily examine erosion caused by particles of a singular or limited
diameter range. However, considering the non-uniform distribution of particles can significantly affect the
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formation of a heterogeneous jet, ultimately altering the wear profile of the surface. This study introduces
particles have a range of 2—63 pum, with a preference towards smaller diameters.

Thus, this paper aims to examine the approach to CF'D modelling of a particular scenario in which a high-
velocity, heterogeneous jet with a significantly non-uniform particle size distribution flows onto a 7i AL,V
sample. Due to the limited space of this paper, the goals include studying how the choice of turbulence
models and its adjustment coefficients, the selection of erosion models and its adjustment coefficients, as
well as the influence of particle shape, affect the modelled wear rate. In addition, the selected approach’s
performance is evaluated by comparing integral values of the calculated and experimental erosion rates, as
well as by comparing the calculated specific erosion rate profiles and the experimental material entrainment
profile.

Research methodology

Experiment

For the purposes of this study, we utilized a laboratory experimental bench to examine surface erosion
under the influence of heterogeneous flow. The operational principle involved introducing quartz particles
into the mixing chamber, from where a mixture of gas (in this instance — air) and particles then was feed
into the accelerator. The accelerator, which is a Laval nozzle, enabled the heterogeneous flow to accelerate
under the action of pressure difference and impinge on the stationary sample. The significant parameters
that define the experimental point were the pressure at the accelerator inlet and the initial gas temperature.
This configuration enables the examination of wear under various particle flow angles, temperatures, and
velocities. The observed test outcomes were the shape of the crater and the loss of the sample material.
These results aid in quantifying the wear rate.

The flow rate of particles at each experimental point was 7.64¢™° kg/s for 5 minutes, with a temperature
of 140 °C and accelerator pressure of 5.75 bar. The accelerator cut-off was positioned 20 mm away from
the sample at a 90° angle to the accelerator position. Fig. 1 displays the size distribution of SiO, particles.
The spectrum was mainly dominated by minute fractions, with the highest equivalent particle diameter of
63 pum.

Problem formulation and geometric model

Owing to insufficient experimental data on the flow and particle velocity distribution in accelerator
regions during the flow onto the sample, the entire accelerator had to be modelled. This was done in order
to adequately take into account the variables when estimating the erosion rate. To achieve this, an integral
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Fig. 1. Particle size distribution
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computational domain was instituted within the accelerator, as well as between the nozzle slice of the tube
and the eroded surface. Fig. 2 displays a general view of the accelerator tube with the nozzle. A mixture of
particles and air enters the Laval nozzle, accelerates, and exits through the tube onto a sample comprised
of titanium alloy 7i AL, V.

Due to the axisymmetric nature of the problem, the two-phase flow area can be depicted in a two-
dimensional axisymmetric format, which boosts the accuracy of the calculation and reduces computational
resources. The computational domain was entirely modelled using two mesh regions, namely the accelerator,
and the flow area between the accelerator and the sample. A block mesh with a structured design and a high
dimensionless distance y" near the erodible surface was created in ICEM CFD software. This was due to
the utilization of a scaled wall function for boundary layer modelling. The labelled schematic diagram with
the designation of the types of boundary conditions (BCs) is shown in fig. 3.

Fig. 2. Flow accelerator model: mixer (1), converging part (2), diverging

part (3)
5
4 5
s N i
3 4.1
|
1 ' 2

Fig. 3. 2d axisymmetrical schematic diagram and boundary conditions:

accelerator area (1); outflow from accelerator to sample (2); inlet boundary condition (air + particle
initialization area) (3); wall boundary condition (4); sample wall BC (4.1); pressure outlet boundary
condition (5)

Physical Models/ Grid Convergence Study

The model in question is based on using Reynolds-averaged Navier-Stokes equations to describe the
movement of the carrier phase — air (ideal gas). To average the results, considering turbulent phenomena
through a turbulence model is necessary, the choice of which can substantially affect the outcomes. A
specific evaluation of both models and its coefficients’ sensitivity is required. Next, we will discuss the
impact of models founded on equations for turbulent kinetic energy (k), its dissipation rate (¢), and models
founded on k and specific dissipation rate (®): k-epsilon standard, k-epsilon RNG, and Generalised equation
k-omega (GEKO) [29-31]. The k-epsilon standard model serves as the foundation for numerous turbulence
models intended to explain phenomena within the flow core. RNG is deemed to provide increased precision
for high velocity gradient, swirling flows [30]. GEKO is a new model, based on k£ and ®, which uniquely
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maintains its integrity even when adjusting its tuning coefficients. However, its full documentation remains
inaccessible. Put simply, the user can modify the model’s behavior across a broad range of solutions without
concern for physical implications. The fundamental equations are provided below. GEKO model equations
from [29-32]:

o(pu ik i
opk) , ouk) o (wﬂJ% + P - C pko (1)
ot ox;  ox;|| o )ox;
dpw) Opujm) 5 b | 0o © 2
- Y |\— |+ PC F1—-FC CDF5p.
ot i 0x ; 0xX ; u+0k OxX ; kol Tk 72 @2 3P @

The functions 1, F2 and F3[29-31]implementthe C_, Csep andC  coefficients, respectively. According
to the authors, the C,  coefficient is designed to modify the model’s behavior within the boundary layer and
near the wall, although its influence is expected to be minimal given the use of the near-wall function. The
Cje . coeflicient, although mentioned in the documentation, is not the primary parameter for enhancing model
performance. However, it can be beneficial for circular concentric flows. Given the cylindrical nozzle of
the accelerator, this coefficient may have an impact under certain conditions. Ultimately, Csep is deemed the
most dominant coefficient, with the aim to enhance performance for significant adverse pressure gradients
and to resolve regions with laminar-turbulent transition. Previously, in the case of reacting flow [32], it was
found that Csep was the most crucial coefficient for pressure and heat flux criteria, and reducing Csep brought
GEKO performance closer to the k-epsilon model. Additionally, in earlier tests for heterogeneous flow with
relatively low velocities within the pipe, the GEKO model and its parameters’ variations had only a minor
impact on the velocity and wear pattern in the pipe elbow [33].

The Euler-Lagrangian approach, which is well established for such problems [2, 3, 8, 15-19], was used
to model the particulate matter. During the accelerator inlet BC calculations, the pressure and temperature
were set to match the experimental values for the point being investigated. Solid particles were also
introduced, flowing at a rate of 7.65¢°° kg/s, based on the experimental number distribution and a zero
velocity assumption (due to a lack of information regarding particle velocity in the precritical section of
the accelerator). The particle velocity was made equal to the flow velocity, and a drag law based on particle
sphericity was established. For modelling particle wear in CFD, an erosion model must be applied to the
erodible surface. Empirical-analytical models are often employed to relate the material removal rate to the
flowing particle parameters, including size, velocities, and angle of incidence.

When performing these calculations, several empirical coefficients are utilized, generally chosen based
on the specific materials being used. Among the most widely employed commercial software is Ansys
FLUENT, with the Oka [34] model being one of its most frequently applied components, serving as a
cornerstone for investigating grid convergence and turbulence model impact.

Grid convergence was investigated by performing calculations on five grids of different dimensionality
using the Oka model, the k-epsilon Standard Shear-Stress Transport Turbulence Model, and a turbulent
Prandtl number of 0.85. A design point of 5.75 bar at 140 °C was utilized.

After evaluating the total specific erosion criterion, a mesh with 1.65 million hexahedral cells in the
region between the accelerator and the sample was chosen. The velocity profile criterion was selected to
assess the accelerator mesh in the expulsion region. The accelerator area’s final computed grid consisted of
190,000 cells.

Results and discussion

It is evident that the rate of surface erosion is reliant on the distribution of particle velocities and
incidence angles, which is linked to the velocity profile at the outflow from the accelerator. Fig. 4 displays a
representative image of the flow at the accelerator outflow and surface flow using the k-epsilon turbulence
model. In the normal direction of high-speed flow near the wall, velocity sharply decreases. Nonetheless,
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a local region of flow acceleration forms, flowing around the braking region. The heterogeneous flow
accelerator creates a high-velocity jet, which promotes the downstream airflow’s ejection and its acceleration.
As a consequence, a zone of opposing currents is created, which has no impact on the erosion process
anymore, given its significant distance from the eroded surface (refer to fig. 4, located at the base of the
high-velocity jet, in the center).

Fig. 4. High-velocity flow impacting sample surface

To construct an erosion rate analysis and develop model comparisons, we utilised the specific erosion
wear criterion which was determined by calculating the ratio of mass that was removed to the mass of par-
ticles present in each cell on the sample surface (specifically region 4.1 in fig. 3). The turbulence model’s
impact along the length of the sample, on the radius of the wear spot is shown in fig. 5 (where the centre of
the spot is identified as 0 mm).

The limited effect of the turbulence model is evident, which is caused by the similar distribution of flow
velocities and turbulent viscosity (which is determined by the turbulence model), as shown earlier for the
reacting flow [32].

As previously mentioned, the GEKO model provides unique opportunities to adjust the model coeffi-
cients. Figs. 68 demonstrate the effect of the GEKO model tuning parameters — Csep, C.» e

It is apparent that the primary adjustment coefficients of the GEKO model have minimal or no impact
on erosion wear when varied within a broad range, even when compared to the overall influence of the
turbulence model.

The impacts of the erosion model were evaluated using two of the most widely used models, Oka [30,
34] and DNV [30, 35]. The Oka model was utilized through the following formulation:

v Y2 a @
E=E90[Vref] {dref] f(Y)a (3)
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Fig. 5. The effect of turbulence models Fig 6. The effect of C,, GEKO coefficient
Fig. 7. The effect of C. GEKO coefficient Fig. 8. The effect of C,, GEKO coefficientat C, 1.75
at C. 175 and C_ 0.5
sep

where E,, is the reference erosion rate at a particle incidence angle of 90°; V'is the particle velocity; Vs is
the reference velocity; d is the particle diameter; D, is the reference diameter; k, and k; are the model coef-

ficients; f{(y) is a function of angle defined as:
f() = (siny)™ (1+ H,(1-siny))™2, 4)

where y — represents the angle of incidence of the particle (in radians); H  denotes the Vickers hardness
coefficient (in GPa); n, and n, are constants.
DNV model is formulated as:

E = pKU," f(0), (5)

i
am

where ri1p is erodent mass flow rate; K, n are constants; f(a) =Y —l”lAl- (180) , and its coefficients are

presented in table 1.
The coefficients of empirical-analytical models are dependent on the material and experimental condi-
tions. In order to examine the independent parameters of the Oka model, the coefficients were established
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Table 1
DNV model coefficients
A, A, A, A, A A, Ag
9.37 42.295 110.864 175.804 170.137 98.398 31.211 4.17

utilizing the Vickers microhardness of the erodible material and following the guidelines stated in [36],
while £, is a tuned coefficient. Table 2 and figs. 9, 10 present a study of £, and &, coefficients’ influence,
The calculated erosion rate termed “ER sim” is compared with the experimental “ER exp” from two identi-
cal experiments. £, is a coefficient by the normalized diameter, while it is obvious that k,, being a factor by
normalized velocity, and angle function would be influential.

Table 2
The effect of Oka parameters
Oka
No. ER sim
E,, HV (GPa) n, n, k, k; Dref Velref

1 6.154¢7* 0.35 0.613 6.439 | 2.21 | 0.19 0.00326 104 6.322¢7*
2 3.077¢* 0.35 0.613 6.439 | 2.21 | 0.19 0.00326 104 3.161¢™*
3 9.231¢™* 0.35 0.613 6.439 | 2.21 | 0.19 0.00326 104 1.057¢>
4 6.154¢™* 0.35 0.613 6.439 | 2.21 | 0.16 0.00326 104 6.88¢ ™
5 6.154¢ ™" 0.35 0.613 6.439 | 2.21 | 0.21 0.00326 104 5.977¢*
6 4¢3 0.35 0.613 6.439 | 2.21 | 0.19 0.00326 104 4.239¢™°

7 8¢ 0.35 0.613 6.439 | 2.21 | 0.19 0.00326 104 8¢
8 5¢7° 0.35 0.613 6.439 | 2.21 | 0.19 0.00326 104 5.046¢"°
R 4.43¢™"

ex,

P 3.16e™”

Fig. 9. The effect of E,, coefficient

GV Vol 25 No. 42023
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The coefficient’s &, effect is small compared to £, (Eref) and similar to that of the turbulence model.
The Ti Al V (Ti,Al,V analogue) DNV model parameters are taken from [37]. The influence of the linear
coefficient K and power n can be seen in table 3 and figs. 11, 12.

Table 3
The effect of DNV parameters
DNV
No. ER sim
K n
1 2¢” 2.6 5.919¢™
2 le” 2.6 2.959¢7"
3 3¢” 2.6 8.878¢™
4 2¢” 3.9 7.044¢”
4.43¢7%
Bt 3.16e"
Fig. 11. The effect of K coefficient along the sample Fig. 12. The effect of n coefficient along the sample

As can be observed, the linear coefficient has a much higher effect in contrast to the exponent. Also,
notable erosion rate values are reached at approximately 2.7 mm from the center of the erosion crater,
decaying to zero at = 3.7 mm. Similar erosion area (fig. 13) is observed on the samples, which qualitatively
confirms the simulation results. On the contrary, a mismatch between simulated erosion maximum along
the sample length and the crater profile can be seen. This issue is discussed further.

Motion of a particle is defined by the resultant of the acting forces. Drag force has a high effect, which
depends upon the medium properties, particle velocity, its size and shape. The model used here is able to
consider particle non-sphericity by means of a shape factor coefficient (SF). As other meaningful parameters
are specified preliminary, the particle shape influence and its description by an additional coefficient are still
to be studied.

The drag coefficient accounting for particle non-sphericity is defined as presented by Haider and
Levenspiel [30, 38]:

24

Cp = 1+ b Re2
b Resph( *h Csph

e ©)

b4 + Resph ’
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Fig. 13. Typical wear surface after testing

where
b =exp(2.3288 — 6.4581¢ + 2.4486@2) ;

by = 0.0964 + 0,5565¢ ;
by = exp(4.905 — 13.8944¢ + 18.4222¢% —10.2599¢°) ;

by = exp(1.4681 +12.2584¢ — 20.7322¢7 +15.8855¢°) ;
¢ is a non-spherical shape constant;

¢ =s/S,
where s is the surface area of a sphere having the same volume as a particle; S is the particle surface area.
The spherical drag coefficient was determined according to Morsi and Alexander [30, 39]:

@ a
Cp=q +R_e+?’ a,, a,, a; — constants.
e

An additional study using Oka erosion model was conducted to estimate the influence of shape factor,
which is presented in fig. 14.

Fig. 14. The effect of the “shape factor” (for Oka coefficients
Egy =0.004, m =0.613, n, =6.439, ky =2.21, k3 =0.19)

GV Vol 25 No. 42023
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It can be mentioned that more stretched particles having lower SF' (0.25-0.5) give a qualitatively
different profile compared to particles having a shape closer to spherical (1-0.75). It is also quantitatively
reflected on the relative dimensionless erosion rate presented in table 4. Evidently, the same behavior would
be observed for other empirical erosion models.

Table 4
“Shape factor” and erosion rate (ER)
Shape factor ER
0.25 0.00349
0.5 0.0055466
0.75 0.0061866

Obviously, such a behavior is due to the change of particle velocity profile and the redistribution of
particles having different sizes along the crater radii. The distributions of particle velocities and sizes, cell-
averaged, for SF0.25; 0.5; 0.75 are shown in fig. 15 and fig. 16. It can be seen that while SF’ decreases, the
absolute velocity along the crater radii decreases slowly for SF=0.5 and more rapidly for SF=0.25, which
follows the decrease of dimensionless erosion rate. Notable is also the change in profile shape: a drastic
velocity decrease can be seen for SF=0.25 along the first 0.25 mm of crater radii. To the opposite, a smooth
velocity decay is observed for SF=0.75 (having even a local increase). Decreasing SF leads to increase of
the cell averaged diameter in the crater center vicinity, also followed by the growth of the cell-averaged
diameters difference between the central and peripheral crater area. This also leads to the influence of
averaged diameter local maximums for SF 0.75 and 0.5.

Fig. 17 shows the abrasive powder. The shape factor is obviously depending on the surface area of a
particle and, therefore, some relation between the sides and/or perimeter of a particle. It can be supposed
that for most particles, despite angularities and some coagulated large structures, such relation, if expressed
as an aspect ratio, would be no higher than 0.4-0.5. An estimate made using free ImageJ software [40] for
the relation of a circle with area equivalent to the summary area of particles to the summary perimeter of
particles showed a value of = 0.35. Also, a qualitative similarity can be observed between the calculated
erosion rate profile and experimental crater profile for shape factor 0.5 and lower. Therefore, using
dimensionless erosion rate (table 2) and erosion rate profiles (fig. 13) the best agreement with experimental
data is reached for SF = 0.25 and Oka erosion model with £,,= 0.004, n,= 0.613; n,= 6.439; k,= 2.21;
k,=0.19.

Fig. 15. Particle velocity near the sample wall along its length
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4,5E-5
4,0E-5
3,5E-5
3,0E-5

2,5E-5 SF 0.25

Diameter, m

2,0E-5 SF0.5

1,5E-5 ASF0.75

1,0E-5

0,0E6|-8 ——
0E+0  50E-4 1063 1,563  20E-3 2,563 3,063 3,563  4,0E-3
Length, m

Fig. 16. Average particle diameter distribution near the sample wall along its length

Fig. 17. A micrograph of erodent particles (quartz particles)

As is shown, erosion rate is independent of the turbulence model and its parameter choice at least
or the studied conditions, and, oppositely, high dependence on the particle shape. This shows a need
of more attention to the parameters of particles in contrast to the carrier flow modeling parameters. In
future additional research should be carried on the effects of particle rotation, other particles distributions,
angularity of particles and particles interactions — collisions, fracture and coalescence.

As shown before, CFD modeling of erosion process accounting for particle shapes can allow to
predict and manage erosion rate on the treated surface. This might be useful for managing the erosive
wear location and amplitude in machinery parts and also for working of metals during peening and peen
forming processes.
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Finally, future work should be reasonably conducted together with finite element analysis on local
level to explicitly study particle-particle and particle-surface interactions and consider material properties
in details. Such studies will be needed also for the estimation of erosion resistance of different types of
coatings.

Conclusions

The numerical study made it possible to determine that:

1. The described approach allows to obtain a good agreement with the qualitative experimental data
expressed in erosion crater profile and quantitatively, compared by integral non-dimensional erosion rate
values for the studied conditions.

2. The calculated erosion rate under high-speed normal particles impact weakly depends on the
turbulence model choice, including GEKO and its parameters;

3. On the contrary, the calculated wear rate significantly depends on the empirical erosion model choice
and its calibrating coefficients.

4. The erosion rate profile and integral erosion rate are highly affected by the particle shape. The
growth of drag due to change of the particle shapes leads to erosion rate decrease. For the studied
conditions, shape factor values of = 0.25 give the best agreement with the experimental data qualitatively
and quantitatively.
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