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Abstract - Study of erosion is of great of importance because of its impact on the overall metal degradation. The main purpose is to
minimize erosion because in most systems it is one of the biggest reasons of failure. Different models have been studied recently;
however they are all at subsonic speed with standard environmental conditions. Erosion can be seen at the places where the interaction
is for smaller time such that corrosion can't take place and all the loss of mass is due to the impact. In this study the numerical
simulation was conducted to calculate the erosion rate at high supersonic speed. The problem is specifically related to the erosion at the
speed range of 2000 — 3000 m/s and temperature as high as 3000K. An analytical model is also implemented to compare and validate
numerical results as well as to propose a better analytical model for high speed.
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1. Introduction

Erosion is phenomena in which the dimension is lost due to the interaction of two surfaces. Erosion is a slow process
of removal of metallic surface due to any mechanical or electrical action. The major reasons for erosion are: friction
produced due to rubbing of surfaces, cavitation, action of any fluid on the surface or wear [1]. This study is about the
erosion of ductile metal due to impact of high velocity particles. Erosion is a type of wear in which the surface is damaged
because of continuous impact and being subjected to elevated localized stresses. We can see that this particular problem
related to impact of particle has great significance in practical field [2]. Cost minimization and longer run of the setup is
one very important aim for any system prone to erosion. Wear is a major factor in increasing maintenance cost as well as
causes system failure. We can see the impact of erosion in the major industries including, turbine blades in gas-turbine
aero-engines, power plants, jet nozzles and guide vanes.

Recent studies have been conducted on the erosion of material at subsonic speed. It was suggested that the erosion is
mostly dependent on the ratio of curvature and initial velocity [3, 4]. Other studies also considered angle of impacting
particles on the erosion rate [5]. In our case the angle is 0° as the flow is along the surface of material. After reviewing
several other models it can be concluded that the erosion rate of the material is dependent upon the various parameters
including velocity of impact, temperature and pressure conditions of impacting particles, angle of impact, time of exposure,
particle concentration, properties of impacting particle and erodent (substrate) and particle size [6]. The erosion is caused
by cyclic impact of particles over the surface due to which the stresses are exceeded from the yield point [7]. Plastic
deformation occurs on and around the point of impact. Stresses increases and fracture point is approached due to
continuous impact, furthermore plastic deformation ceases, at this point the surface of the martial losses it ductility and
small fragments peel off from the surface .

The analytical model was given by Levi's on the basis of experimental results. The Levi's model suggested that the
erosion of a material is dependent upon various parameters including mass of impacting particles, initial particle velocity,
target material properties, density of the impacting particles and plastic zone volume [8]. Levi's [2] presented an analytical
model and derived an equation for parameter at which the erosion rate is dependent.
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Eparameter =

where Vi is the initial velocity, pp is the density of impacting spherical particle, H is the hardness of target material, u; and
up are the poisson's coefficients and E; and E, are the elastic modulus of the target and particle material respectively. A
comparison is made between the experimental erosion rate and the analytically calculated erosion parameter. The setup
consists of air compressor, pressure regulator and a flow meter. A feeder fed erodent in the air, detail of the whole system
was explained in detail [2]. The samples were subjected to exposure for different time intervals starting from 30 to 240
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minutes. Using that experimental data, a relationship is developed using curve fit method.

Erosion Rate = 6.8272 + 3.1526x (R* = 0.99297)

2. Aim of this Research

Levi’s Model predicts accurately at low velocity. The velocity factor doesn’t have significant impact on erosion
parameter and erosion rate. If we calculate the erosion rate at different supersonic velocities using analytical model,

we get the following results

Table 1: Erosion rate and erosion parameters at supersonic speed using Levi's Model.

Vi Erosion Parameter | Erosion Rate (mm3/minx10%)
340 7.04E-01 9.05
680 7.43E-01 9.17
1020 7.61E-01 9.23
1360 7.71E-01 9.26

Aim of our work is to conduct a numerical study to understand the effect of different parameters on erosion Rate

of previously listed materials and suggest best material with minimum erosion rate.

3. Research Methodology
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Fig. 1: Research methodology.
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4. Numerical Solution

As the surface was impacted by high velocity solid particles, damage can be seen on the surfaces. This is also affected
by the change in pressure, temperature and other different parameters [9, 10, 11]. In past few decades, computational fluid
dynamics (CFD) emerges as a widely used technology in almost all the industrial fields. Nowadays CFD software using
discrete phase model is widely used in different fields i.e. parametric study of continuous phase on erosion rate [12, 13],
simulate the scenario to calculate erosion rate and modify the model to minimize it. [14, 15]. Study of physical parameters
is not enough to understand this phenomenon. The trajectory of impacting particles its velocity, temperature and pressure
are also important. By using appropriate software, erosion can be accurately measure because they keep in account the
multiphase flow and hydrodynamics parameters. [16].

4.1. Computational Model

To investigate the rate of erosion other than experimental techniques, model to predict erosion rate using CFD is also a
good approach [17]. Here we used euler lagrange frame of reference. The model consists of nozzle, exhaust gases and
substrate. Exhaust gases comprises of air along with 4% alumina particles, and four different type of substrate made up of
different materials so as to compare the results of each material.

The reason for using euler lagrange model is that the trajectory of the impacting particles and their state e.g. their
velocity, temperature, density, composition and other properties is followed in time and space. By solving and integrating
equations of mass, motion and energy for every particle of the system, discrete element method also knows as DEM is
used.

4.2. Governing Equations

Different Equations are used to carry this study every material has assigned different Equation of States and Strength
models. The equation of state is a basic representation of a substance which help in applying the fundamental principles of
thermodynamics and hydrodynamics to any material. [18]

ANSYS AUTODYN version 18 was used, linear equation of state (EOS) was used for substrate and impacting
particles. Ideal Gas EOS is used for air considering all the collision between the atoms and molecules to be perfectly elastic
and volume to be constant.

PV = nRT (3)

where P is the pressure, V is the volume, n is the number of moles, R is the ideal gas constant and T is the temperature.
Strength model is used to predict the deformation, fracture and damage to any material [19]. Johnson and cook model is
used for substrate and impacting particle. Johnson-cook equation is used for very high strain rate [20].

4.3. Model Validation
The validation study was conducted using Levi’s experimental condition and the material properties. Same velocity
was used i.e. 40m/s and Temperature 293K in the CFD. The comparison of result is as under.

LEVI'S MODEL VS NUMERICAL SOL.
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Fig. 2: Erosion rate comparison between Levi's model and numerical studies.

FFHMT 104-3



5. Post Processing
To calculate Erosion Rate volumetrically so for post processing images were taken before and after the study was
conducted.

Fig. 3: Substrate plate image at a) t=0 and b) t=5.1e?,

The code is written in python programming language. OpenCyv is used for image processing and computer vision
functions. Using that code the image at t=5.1e7 is subtracted from image at t=0 and erosion was calculated

6. Results and Discussion
6.1. Effect of Velocity on Erosion Rate:

Studies were conducted by varying velocity keeping all other parameters constant. Velocity is varied from Mach 1
- 4. The data calculated through this study is as under

Table 2: Erosion rate at different Velocities.

Velocity (mnEé/F;ec)
340 65.5
680 90.1
1020 102.3
1360 126

We can see that the increase in erosion rate is higher with increase in velocity as compared to what we can get
from out analytical model. To compare we can see their graphical representation

a) Numerical Method b) Analytical Model

o
B =
—

EROSION RATE
100
EROSION RATE
9

50
8

340 680 1020 1360 340 680 1020 1360
VELOCITY VELOCITY

Fig. 5: Comparison between a) numerical results and b) Levi’s analytical model results.

6.2. Correction Factor
From analytical solution we can see the equation shows negligible impact of velocity e.g. only 0.21e-3mm
difference can be seen if we increase the velocity from Mach 1 to 4.
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Erosion rate = -0.0005v+8.9¢e
Using curve fit method; we can find the actual relation between velocity and erosion rate
Erosion rate = 0.00000v2-0.0634v+45.6

6.3. Effect of Material Properties on Erosion Rate
The data shown in Table 3 is the erosion rate while using different materials and hence different material properties.

Table 3: Erosion rate of different materials at different velocities.

Velocity ASTM A36 Copper Nickle 316L SS
340 65.5 46.2 52.8 79.2
680 90.1 54.5 57.9 101.1
1020 102.3 103.3 62.5 112.0
1360 126 113.1 67.9 126.3

From the results we can see that the erosion rate with the least shear strength erodes more with increase in velocity,
however the erosion rate of the material having high yield strength at low velocity is lesser.
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Fig. 6: Erosion rate of different materials at variable velocities.

8. Conclusion

From the above results and discussion this conclusion can be deduced that for high velocity of 1360 m/s, Nickel is
most suitable keeping in view the erosion rate. Copper is a good material choice till 680 m/s, but for 1020 m/s onwards all
the metals except nickel behaves very similar with some difference in the erosion rate. Alloys can be used with optimum
yield strength and shear strength according to the velocity we are working with. Plastic strain has high significance so that
is why yield point is important in terms of erosion rate but at high velocity shear strength plays vital role. With reference to
analytical model and its correction, at high velocity the Levi’s model can’t work. The correction factor that is suggested in
can be added for calculation of better results at high velocities.
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