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Abstract

In this paper, implementation of a comprehensive mechanistic model
for the prediction of erosive wear in pipelines due to solid particles
impact was investigated. The aim of this study is to develop a
mechanistic model coupled with CFD model to predict the rate of inner-
wall erosive wear of pipeline due to the presence of solid particles. This
mechanistic model was developed based on Hertzian contact, and Du
and Wang elastoplastic impact models; taking the deformation of the
erodent particles and the effective impact angle into consideration. The
developed models were compared with experimental data from three
different sources and with built-in erosion models in FLUENT. The
outcome of the simulation show that the developed model is 92%
accurate when compared with the experimental values. The
mechanistic model of this study shows a good agreement with the
existing models. The trend of variation of erosive wear rate with impact
angle, particle velocity, and mass flow rate was the same for all the
tested models and a robust improvement in the newly developed
models. Erosion of coal-liquid slurry in pipelines was also studied in
FLUENT using the developed model UDF. The results of the study show
that coal-liquid slurry causes erosion in both bent and straight pipe. The
point of dense erosion was observed to have drifted along the straight
pipeline as the velocity increases, which implies that little or no erosion
will be observed when a very high velocity slurry flows through a short
straight pipe spool. It is expected that the results of this work will be of
significant help for the strengthening of the application of mechanistic
models for predicting inner-wall erosive wear. This model can be
effectively applied in oil and gas industries worldwide for accurate
prediction of inner-wall erosive wear.

1. Introduction

Slurry flow in pipelines is one of the common ways of transporting coal from the point of mining to where it is
utilized. Slurry flow is a combination ofliquid and solid in a single flow in pipelines. Slurry flow is mostly turbulent
so as to prevent particle settlings in the pipeline bed when they are been carried along the career fluid in the
pipeline. Slurry pipelines are not only for transporting coal but for long distance transportation other mining and
chemical products such as iron, copper, phosphate concentrates oil-sand mixture and other mineral ores [1, 2]. In
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the petroleum industries, oil and gas taken from wells through pipelines can be described as a form of slurry flow
consisting of fluid (oil or gas), sand and several other solid particle components [3, 4].

One of the problems of slurry pipelines is erosive wear which occurs in internal surfaces, bents and fittings. The
erosion of the pipelines’ internal surface is as a result of repeated particle impact causing several indentations,
cuttings, gradual removal and wearing away of the surface [5]. Erosive wear in pipelines cause reduction in the
pipe thickness thereby reducing the integrity of the pipe and the ability to withstand high pressures. Also, erosive
wear in pipelines create spots where pitting corrosion may likely emanate, especially when the pipeline is
temporarily out of service. If erosion is not properly monitored, it can be hazardous and can lead to complete
damage and shut down of pipelines and the entire production facilities, leading to economic loss [2, 4].

An in-depth understanding of the mechanism and processes of erosion and the methods of controlling or
monitoring them is necessary, especially in oil and gas industries and other chemical industries transporting
products through pipelines. Estimating the erosive rate of pipelines is a tedious one; however, researchers in the
field of Computational Fluid Dynamics (CFD) are doing more work aimed at simplifying the analysis of erosion
rate. One of the ways to do this is mathematical modeling and simulations. A Simple mathematical model is
developed, then written in CFD codes and run in a software such as ANSYS which produces the resultin a graphical
user interface (GUI) for better understanding. There are many existing erosion models, some of which will be look
at here.

The erosive wear model of particles flowing in fluid and impinging in a surface was first proposed by Finnie
[6]. Finnie developed an erosion model in which the volume of materials removed per impact is proportional to
the square of the particle impact velocity and depends on other factors such as impact angle and the particle mass.
Bitter [7] and Bitter [8] proposed another model for erosion due to impact. He explained that impact by particle
can either cause indentation or scratching of the surface, all depending on the particle impact angle. Bitter’s
erosion volume rate is the sum of the eroded volume due to indentation and that due to scratching or cutting
processes. Bitter’s model was later modified for ductile materials by Nelson and Gilchrist [9]. Nelson and Gilchrist
[9] erosion model was based on their experimental data and it is a two-part equation model: one-part accounting
for deformation and the other part for cutting mechanism. Hashish [10] presented a modified model of Finnie
erosive wear model. In the modified model, the impact velocity exponent of Finnie which was originally 2 was
changed to 2.5. The impact angle function was also modified. Hashish also introduced the particle shape function
in the modified model. Huang et al. [11] developed a model which includes both indentation and cutting of the
target material and also accounts for property of both the erodent and the target that aid erosion. The model was
compared with experimental data of Bitters and Finnie and good agreement was reported. Huang et al. [11] noted
that particle impingement on straight pipe wall is due to gravitational settling and turbulence fluctuation and as
such the impact angle is much smaller, however there are much larger impact angle at bents and fittings leading
to much erosion in them.

Many empirical correlation models for erosive wear were formulated by researchers most of which are based
on experimental data. Most of these correlations are preferable in industrial application and are included in Codes
and Standards. Some of these correlation models will be discussed briefly here; The Erosion and Corrosion
Research Center (E/CRC) of the University of Tulsa developed an empirical erosive wear model for carbon steel
based on direct experimental data McLaury [12]. In this model, some key parameters such as the erodent
sharpness factor and the target hardness were considered. Oka et al. [13] developed an empirical model for
erosion of material surface due to particle impingement. Many influencing factors which include target material
hardness and mechanical properties of the erodent. Oka and Yoshida [14] modified the model in part 2 of their
article by including the reference erodent particle velocity and diameter. Oka’s model is also applicable for
predicting erosive wear in ductile materials. The model was one of the preferable models for predicting erosion.
Det Norske Veritas [15] developed an empirical erosive wear model popularly known as the DNV model for
predicting erosion in straight, bent pipes and pipe fittings. Large number of experimental data and numerical
results were gathered to formulate the model. The DNV erosion model was found to predict erosion rate at better
accuracy when compared with experimental data from a different sources other than that of the developer Peng
and Cao [16].

Other erosive wear models were also reported by Ahlert, [17], Meng and Ludema, [18], Hutchings, [19], Chen
et al. [20] etc. Most of these models are empirical correlation and are material specific, that is, they are developed
based on the experimental data obtained from experiment performed on a particular target material and erodent.
One major problem with empirical models is that they may fail if used to predict erosion of materials with different
properties from the one used in developing it. For instance, Oka’s model was more realistic, but it was reported
by Peng and Cao, [16] to have deviated in the prediction of erosion rate of steel pipe elbow when compared with
experimental data of Eyler, [21]. Only few specific empirical correlation models have been reported for slurry
pipelines.

There are researches on the topic, however, reliable mechanistic models for prediction of erosive wear related
problems are still needed in this field, hence this study. The intent of this study is to develop a mechanistic model
coupled with CFD model to predict the rate of inner-wall erosive wear of pipeline due to the presence of solid
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particles. The mechanism and processes of erosive wear can be studied with ease by the use of Computational
Fluid Dynamics (CFD) simulation software. CFD software such as ANSYS FLUENT has been a great tool for
turbulent and laminar fluid flow in channels and pipes. The software has the ability to track the flow part of the
individual particles and the angle at which they impinge on the surface of the target material. Models for erosive
wear are better verified in CFD software because large varieties of test conditions necessary to verify the accuracy
of the model are available. To study the erosion in carbon steel pipelines due to slurry particles impact, this study
will attempt to develop a more general and mechanistic model to ascertain inner-wall erosion wear rate. The
model will first be validated in ANSYS FLUENT using experimental data, and then get tested against some
preferable existing erosive wear models for carbon steel in this study.

2. Materials and Method

The aim of this study is to develop an inner-wall erosive wear rate mechanistic model that can predict erosion of
pipeline due to the presence of solid particles. A mechanistic inner-wall erosive wear rate model was developed
based on Hertzian contact model and Du and Wang elastoplastic impact model, taking the deformation of the
erodent particles and the effective impact angle into consideration. The developed model was compared with
experimental data and with other models using ANSYS FLUENT in order to showcase the accuracy and universal
applicability of the developed model. It is expected that the outcome of this study will be of significant help for the
strengthening of the universal application of mechanistic models for predicting erosion rate.

2.1 Erosion Model

There are several erosion models; however, most of the models are empirical correlations. Most of the existing
empirical models are CFD-based erosion models, some of which are already built-in in ANSYS FLUENT. The study
will look at different predictive equation models which include Finnie’s model, Oka’s model, DNV model and the
E/CRC erosion model.

The Finnie erosion model was developed by Finnie et al. [22] and is given by Brown as, [23];

E, = CVy'g(a) (1a)
1
—cos’a  for 18.5° < a <90°

g(a) =1 3
sin(2a) — 3sin*a  for a < 18.5°

(1b)

Where; E, is the erosion rate, C is the target material constant n is the velocity exponent. « is the impact angle.
The Oka’s model was proposed from experimental results of Oka and Yoshida, [14] and Oka et al. [13]. The
Oka’s model is given as;
ka

E, = [10‘9mpk(H,,)k1 (K—”) (%)kS]g(a) (2a)

g(a) = (sina)™[1+ H,(1 — sina)]™ (2b)

Where; E,, is the erosion rate (m3/impact), H,, is the Vickers hardness of the target materials, m,, is the mass
of the particle, V' and d’ are the reference velocity and diameter of particle. k, k4, k,, k3, n;,n, are constants
depending on the particle type.

Det Norske Veritas formulated an erosion model in 2007 known as the DNV model [15]. The erosion model
was developed based on experimental data. The model predictive equation is given as;

By = KY'g(@) (32)
8
9@ =) (D4l (3b)
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Where; E, is the erosion rate, K is the target material constant (K =2 x10-? for steel), n is the velocity exponent
(n = 2.6 for steel), A, to Ag are given in order as; 9.37, 42.295, 110.864, 175.804, 170.137, 98.398, 31.211, and
4.17.

E/CRC Erosion Model was proposed by the Erosion /Corrosion Research Center (E/CRC) of the University of
Tulsa McLaury, [12]. The erosion model was developed based on experimental data obtained by direct impact of
particles of different shapes on carbon steel. The model is given as reported in Zhang et al. [24] as;

By = KF BV g(@) (42)
5
9@ =) Al (4b)

Where; E,, is the erosion rate, K is the target material constant (K=2.17 x10-7 for carbon steel), n is the velocity
exponent (n = 2.41 for carbon steel), BH is the Brinell hardness of target material, f is the particle sharpness factor
(f = 1) for sharp angular shape, f = 0.53 for semi-round, f = 0.2 for fully round shape. A; to Ag are given in
order as; 5.3983,-10.1068, 10.9327, -6.3283, and 1.4234.

2.2 New Erosion Wear Model Development

Erosion of coal slurry pipeline is due to particles impact on the wall of the pipe. The impacting particles cause
elastic-plastic deformation of the surface of the pipeline creating temporary asperity-like-protrusions which are
washed away by the combined effect of fine particles and high-pressured flowing fluid.

2.2.1. Impact Velocity and Impact Angle

Particles in a slurry flow always impact on the walls and bent of the pipeline conveying the slurries. Most times,
the particles impact on the pipeline at angles called the impact angle. The impact angle depends on the particle
trajectory, and as such impacts angle varies depending on the turbulence of the slurry flow.

A 4

ENAMRS

Fig. 1 Impact velocity and impact angle

The particle velocity is in the direction of flow, but may swill due to turbulence and hit the adjacent surface at
angle. From Fig 1, the vertical component of the velocity V, is directed. Where; 1, is the horizontal component of
the velocity of impact, 6 is the impact angle, 1, is the impact velocity, Vy is the velocity normal to the elbow
surface and V; is the tangential velocity of the particle on the elbow surface. From Fig 1, the impact angle and the
impact velocity can be calculated as;

14 4
= -1 —y = -1 —N
6 = tan <Vx) tan <VT) (5)

The vertical and the horizontal components of the impact velocity is given in terms of « as;

V. =Vy =1V, cosa (6a)
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V, =Vy =Vysina (6b)

Where; «a is a function of 8. For ductile material, the effective value of the impact angle has been modeled by
many researchers. In this study, carefully studying the E/CRC model and the DNV model, the impact angle function

is proposed as;
5
@ = Z 4,60 (7a)
i=1

Where; A, to Ag are given in order as; 4.15, -9.62, 11.02, -6.26, and 1.368. Expanding (7a) and inserting the
numerical values of 4; gives;

a=4156—9.6260%+11.02 603 — 6.26 6* + 1.368 6° (7b)

6 is in Radian, therefore, « in this study is computed in Radian and the final result converted to degrees. Fig 2
shows the variation of impact angle function a with 8 for DNV, E/CRC and this study.

14
1.2

1
0.8

0.6 \

0.4

a / g(a) (Radian)

0.2 e This Study e E/CRC DNV

0 10 20 30 40 50 60 70 80 90

Impact angle 8 (°)

Fig. 2 Variation of @ and g(a) with 6

2.2.2. Impact Erosion Damage

According to impact theory, when two bodies collide, they deform. The depth of deformation is a function of yield
strength (or Hardness of the bodies). For the case of slurry flow in pipeline, the indenters are the suspended slurry
particles and the target is the pipeline. According to Du and Wang [25], the interaction of two bodies during impact
can be divided into elastic and elastoplastic region. The impact model is given as;

mé+ F=0 (8)
Where; § is relative indentation of the impacting bodies (m), F is the impact force (N), m = m;m,/(m; + m,)

and m,, m, are the masses of the two impacting bodies. The elastic deformation is model due to Hertz theory and
the impact force is given as;

4
F, = §ER1/253/2 for 0<6<6, (9)

Where; §, is maximum elastic indentation, E and R are the equivalent elastic modulus and radius given as;

1-v?2 1-v2]"
E = 10
[El H (10)
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R=|—+— (11)

1 1]‘1
n on
Where; E; and E, are the elastic modulus of the indenter and the target respectively, v; and v, are the poison
ratio for indenter and target respectively and r; and r, are the radius of indenter and target respectively, for
spherical indenter impact on a flat surface target, R = r;. The maximum elastic indentation has been derived for
spherical object punch-impact on a flat surface as Du and Wang [25];

5, =R (%)2 (12)

Where; P, is Maximum impact pressure (Pa). The maximum impact pressure for spherical impactor on a flat
surface of the target material at the onset of elastoplastic deformation has been determined to have a value of
Py = 2.570,, 0, is the yield strength of the target material Du and Wang, [25].

The elastic deformation is not permanent, rather it restores to original shape after impact. If the energy of the
impactor is enough to go beyond the elastic limit, permanent indentation occurs. For wear to occur in the pipeline,
particles impact must cause permanent indentation. Beyond the elastic limit of the target material, plastic
indentation occurs in the inner core layers while elastic deformation occurs on the outer layer in contact with the
impactor. This is known as elastoplastic deformation. The impact force for elastoplastic deformation has been
modeled by Du and Wang [25] for impact of two deformable spheres as;

R%(mP,)3

Fop = RUPS ——

for 8,<86<6p (13)

Where; §,,, is maximum indentation (m). At the end of the impact, the elastic deformation is restituted but the
plastic deformation is permanent leaving a crater on the target surface. The relative maximum permanent
indentation, 6p, on the surface due to normal load was derived as Du and Wang, [25];

2/3

8y = O — =\ (14)

3RY2mPySy 1 (RM?mPy)\’
4E 16

Equation (13) and (14) was originally developed for impact analysis of two deformable spheres but will be
applied here to analyze the deformation of a pipe wall due to spherical particle impact. To apply this model, we
assumed that both the impactor and the target are indented, that is; the sum of the indentations of the wall (target),
6y, and the particle (indenter), §,, equals the relative indentation, i.e,, §, = §; + §,,. Also, that the indentation is
inversely proportional to Vickers hardness of the materials, i.e, §,/6,, = H,,/H,. Where H, and H,, are the Vickers
hardness (GPa) of the solid impacting particles and the pipe wall target respectively. Vickers Hardness, H, in GPa
is obtained as, H (GPa) = 0.009807 H, where Hy, is Vickers Hardness Number. Therefore, the non-reversible
permanent indentation depth on the pipe wall is given as;

Hy,

H -1
I (1 + —W> (15)
2.2.3. Erosion Crater Depth

To get the erosion volume per impact, the permanent indentation depth and the crater length are required. From
Fig 1, the normal impact velocity, 1, of particles is due to settling and the tangential impact velocity, V,, is particle
axial velocity.
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Particle 3 r
before impa
T s
“© Target Material Froded Crater
| a2 .

After Impact

Target ?\Tﬂen’a

During Impact
Fig. 3 Eroded crater due to impact (a) Before impact; (b) After impact

The study also assumed that the kinetic energy (KE) of particles is completely converted to total work done
(Wy) during impact as the indenter decelerates to zero at maximum indentation. Thus, at maximum indentation,

the final velocity is zero and the total normal kinetic energy is KE = %mV,ﬁSinza. Where; m = mass of particle.
(16)

KE = Wy

The total Work done, Wy, is the sum of the work done in the elastic, W,, and elastoplastic, Wep, region during

impact.
Se Sm

Wy = fFed6+f F,pdd
be

0

Substituting (9) and (13) into (17) gives the total work done as;

2 o 1 R2(nP,)3
WT = EK(SE/Z +§RT[P0(S.,2ne —W me

Where; K = EERO'5 = Hertz constant and 6,,, = 6,, — 0.

Substituting equation (18) in equation (16) and simplifying gives equation (19) as;

1 R2(nP,)3 2 5 1 ,

ERT[PO(S‘%E —W(Sme EK(SEZ - EmVTﬁSlnza =0
Let;

R (nPO)Z
T=6\E
and
_4KS8? mESinta
" 5RuP, RnP,

Then, &, is calculated from equation (19) and (20) as;

Ome 21(774'\/7]2_4/1)
2

Equation (21) can be written in terms of the discriminant D;

1
Ome =—(TI+\/D_1)
2
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Where; D; = n? — 4. If D, < 0, then, we set §,,, = %(17). This is to eliminate chances of getting imaginary

solution.
From (21) the maximum relative indentation §,, is determined as;

Sm = Ome + 0, (22)

Equation (14) and (15) are then used to calculate relative permanent normal depth of indentation, §,, and
permanent normal depth of indentation on the pipe wall §,,,.

2.2.4. Erosion Crater Length

. . 5
To determine the crater length, §;, the average work done to deform a sectional area of depth, Tm’ through a length,

6, along the target surface was equated to the total tangential kinetic energy of the impacting particle. Assuming
no rolling and sliding of particle, the effective eroded crater length is due to the impact force on a smaller average

. .8 . . . .
contact area with contact radius Tm < a, where a is the maximum contact radius given as; a = /R&,,. Therefore,

. . . RP, I s .
going by the equation from Hertz contact model given as; a = % and substituting a = T’", P, is updated as P;

given as;
m Em\
=omp = 0.25p, (2m (23)
Thus, equation (19) -(22) are updated as;
1 R?(nP,)? 2 3 1
ERnPtS,an —%&nl + gKSez - EmVnzlcosza =0 (24)

202 2 mPe)
Where; Vicos“a = V£, 8,y = 6, — 8¢ppand 6 = R( )

2E

Let;
R (mP\?
n=5(7) (252
and
5
I 4K82  mlipcos’a (25b)
1™ SRnP, RmP,
Then, &,,; is calculated from equation (24) and (25) as;
1
Omi = 2 (771 +ym? - 4/11) (26a)
1
St =§(n +./D;) (26b)

Where; D, = n,% — 41,.1f D, < 0, then, &,,; = %(171).
From which the maximum relative indentation §; is determined as;

6 =6y + 64 (27)
2/3
~ 3RY?zp,5, 1 (RY?mP,\’ (28)
p— T AE 16\ E

Equation (14) and (15) are updated as (28) and (29) and used to calculate relative permanent eroded crater
length, [, and permanent crater length on the pipe wall, [,,..
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-1
Ly = L (1 + ﬂ) (29)

Eroded Crat:er E: \
\ /

b L

(@) (b)

A

Fig. 4 Eroded crater due to impact (a) Side view; (b) Top view

2.2.5 Erosion per Impact

The erosion volume per impact was determined as the one-third of the volume of the cuboid that envelope the
eroded crater (fig 4). The length and the depth of the crater were determined from the impact using the Hertzain
impact model and the impact model of DU and Wang. The depth of the crater is §,,, , the width of the crater is a
and the length of the crater is ( [,, + %2 a ). One-third of the volume of the cuboid that envelope the crater (which
is the erosion volume per impact) is therefore given by equation (30). The Erosion volume, E,,, per impact is
calculated from the geometry of the indentation in Fig 4 as;

1 1
E, = zaé, (lw + —a) (30)
3 2

Substituting a = /R§6,, = /110,, and simplifying gives;
1 1
E, = (zwrf/ 25317 ¢ Erﬂs&v) (31)

Equation (31) was developed assuming the particles is spherical and that erosion is due to indentation only.

To account for cutting effect, the sharpness factor, f, of the particle is incorporated into the equation. Some

particles may just slide and roll over the surface of the target causing no indentation, i.e., E,, = 0. Some others

cause a maximum indentation, i.e., E, = Ey(max)» the erosion of the surface varies from 0, to maximum, so, the
, 0+E , )

average value is taken as; E, = %, Also, a material constant, k, is added to account for target types. k can

be calibrated using experimental data. Fig 5 shows the effect of k on the performance of the model. However, for
carbon steel material target, we assumed k = 1. Therefore, the final erosion volume (m3/impact) is given as;

1
E, = kg(lwrll/z&?v/z + Erﬂs&v) (31)

Where; f is the sharpness factor (f = 1) for sharp angular shape, f = 0.53 for semi-round, and f = 0.2 for
fully round shape.

The erosion volume in equ.32 can be written as erosion volume per kilogram of particle impact E,, (m3/kg)
divided by particle mass, m. It can also be converted to erosion volume rate, E, (m?/s), by multiplying it by /3,
where; f = % is the number of impacting particles per unit time interval, m is the mass flow rate of particles and

. . . . as
m is the mass of one particle calculated from density and diameter as m = %. E, can also be converted to

erosion mass loss rate E,, (Kg/s) by multiplying by the target material density, p,,. Erosion density, E,
(Kg/m?s), is calculated by dividing E,, by the target area, A,. For A, = 1.0 m?, E; (Kg/m?s)= E,, (Kg/s).
E, (m3/s),E,, (Kg/s)and E, (Kg/m?s) are given in equation (33a-c).

E, = BE, (33a)
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Em = BpwE, (33b)
b=, (330

6.00E-06 1.40E-05
& 5.00E-06 7 120805
o % 1 00E-05
X 4.00E-06 S
o £ 8.00E-06
T 3.00E-06
= “ 6.00E-06
o

2 2.00E-06 2 4.00E-06
o ©
5 1.00E-06 w2 00E-06

0.00E+00 0.00E+00

0 20 40 60 80 0 50 100
Impact angle (°) Particle Velocity (m/s)

Fig. 5 Effect of material constant on the developed model (a) Variation with impact angle; (b)
Variation with velocity

3. Results and Discussion

3.1 Implementation of The New Erosion Model in Ansys Fluent

A User-Defined Functions (UDF) of the developed erosion model of this work was written using C++ codes.
FLUENT Macros required for the implementation of the UDF were appropriately coded. The UDF were then
compiled, built, loaded and hooked with ANSYS FLUENT. Then the erosion rate was simulated and the results
obtained were compared with experimental data. Fig 6 shows the flow chart for UDF of the developed model.
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Getay, ry, Eq, E
Calculate B, ,E, K
v v

Write expressions for Write expressions for
PT: 691; M, )—11 6ml and lw 5e; n A; 5m and 5W

[Write expression for a]

Write an expression

for Ed
Write UDF for E,
Using C++ Code

Complle and Hook ]

Compare

UDF to Fluent Results

Debug UDF Yes No Simulate
Code Erosion Rate

Fig. 6 Flow chart showing UDF development

3.2 Model Validation with Experimental Data

Experimental data of [26-29] were employed in this study to further validate the performance of the developed
erosion model. Also, the result of the developed model was compared to built-in models in ANSYS 2021 R2 which
are Oka, DNV, McLaury and Finnie models. The data for the simulation are given in Table 1. The experimental data
are presented in Table 2. The target surface Vickers hardness H,, (GPa) is calculated by using a chart to find the
Vickers hardness number equivalent of the Brinell hardness number and multiplying the resultant Vickers
hardness number by 0.009807.

Table 1 Mechanical properties of erodent and target material

S/N Target (Steel) Erodent (S;0,)

Property Value Property Value
1 H, 1.24 -1.34 GPa H, 20 GPa
2 E, 209 GPa E; 74.8GPa
3 12 0.3 12 0.17
4 gy 250MPa %4 1.0 -300m/s
5 02 7850 Kg/m? 1 2600Kg/m?3

Table 2 Experimental data used in validating the study model

Source Exp No. Fluid Diameter R/D  V(m/s) dp(um) BH mp (Kg/s)
Eyler(1987) Al Air 41 3.25 25.24 100 120 0.0286
Bourgoyne  B1-B30 Air 52.5 1.5 47-222 350 120  0.05009 - 0.7473
(1989)
2.4
Bikbaev et C1-C4 Air 50 3.6 50 295 120 0.3366
al.(1973) 4.2
7.8
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12.2 0.00017
Pyboyina D1-D3 Air 50.8 1.5 18.9 150 160 0.000521
(2006) 28. 0.000917

3.3 Geometry and Mesh

The geometry of each of the pipe sizes in Table 2 was modeled in SOLIDWORKS 2021. The same software was
used to extract the fluid volume of the pipes and exported to ANSYS 2021 R2. The ANSYS Design Modeler was used
to edit the geometry and saved as fluid. Fig 7 shows the fluid volume of the pipe extracted in SOLIDWORKS.
Meshing was done in two parts: the surface and the body, using the multi-zone programmed controlled method.
The surface meshing was achieved by carefully dividing the edges such that each mesh grid surface area is
approximately 1.0 mmZ. The boundary layers were achieved by carefully adjusting the inflation tools. Hexahedral
mesh was applied in the entire volume of the fluid. Fig 8 shows the mesh used in the simulation.

[ o —— . a0 - - B e - nE

Prtcres | o | Blestog | Emrissts | RS Chmmme | SO0 DR Ak | A | BOMSSACHIS A | RO

0.000 Q0.300 0.600 (rry
1

o150 0.450

(b)

Fig. 7 Pipe volume geometry (a) Fluid volume exported to Ansys Fluent D = Diameter; (b) Fluid volume ready for
mesh generation with name selection viz: A-outlet, B-inlet and C-wall

Y
0000 0035 0.050 )
]
0013 0.0

z

(a) (b)

Fig. 8 Mesh used in the simulation (a) Inlet and wall section; (b) Outlet section

3.4 Simulation Results Verification

The UDF of the developed model was loaded and hooked into ANSYS FLUENT. The erosion rate was calculated for
each of the pipes’ data set given in Table 2. The experimental values were originally given as penetration rate in
m/s. Multiplying the penetration rate by the density of the eroded surface of steel (7800 kg/m?3) gives the erosion
rate in kg/m?2/s. The simulation results were displayed in Table 3. The deviation percentage, Q (%) defined in (48)
was used to compare the deviation of the simulation from the experimental result.
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Experiment — Predicted
Q%) = Experiment x 100% (34)

Table 3 Simulation results compared with experiment

Source Exp. Exp. Diameter R/D V(m/s) mp(kg/s) Exp. This Q (%)

Tag. No. (kg/m2/s) Work
(ke/m?/s)

Eyler (1987) Al 1 41 325  25.24 0.0286  0.000223  0.00112  -66.71

B2 2 525 15 72 0.1182  0.01287  0.02164  -25.41

B3 3 525 15 93 0.1306  0.02886  0.03738  -12.86

B5 4 525 15 98  0.13939 0.038532  0.05651  -18.91

B6 5 525 15 103 0.14098 0.041262  0.05287  -12.33

B8 6 525 15 169 025016 037206  0.30317 10.20

B9 7 525 15 177 0.3498  0.64974  0.43706 19.57

B10 8 525 15 177 0.2915  0.57564  0.39391 18.74

B11 9 525 15 178 0.2889  0.50856  0.38415 13.94

B12 10 525 15 203 0.2968  0.60528  0.52081 7.50

B14 11 525 15 222 03021  0.54678  0.65109 -8.71

B15 12 525 15 108  0.05009 0.027768  0.02374 7.81

Bourgoye B16 13 525 1.5 109  0.09249 0.043992  0.03828 6.94

(1989) p17 14 525 15 108  0.096195 0.041262  0.04182 -0.67

B18 15 525 15 104  0.15317 0.077064  0.05651 15.39

B19 16 525 15 108  0.17119  0.10764 0.0781 15.91

B20 17 525 15 108  0.20776  0.10686  0.08592 10.86

B21 18 525 15 107 0.2968  0.11154  0.11381 -1.01

B22 19 525 15 111 038425 020436  0.16095 11.88

B23 20 525 15 107  0.60155 027768  0.22104 11.36

B24 21 525 15 106 0.636  0.25428  0.26959 -2.92

B25 22 525 15 103 0.7473  0.23088  0.24726 -3.43

B27 23 525 15 100 0.186 0.0624  0.07947  -12.03

B28 24 525 15 100 0.305 0.1014  0.10896 -3.59

B29 25 525 15 100 0.636 0.2223  0.23599 -2.99

B30 26 525 15 100 0.768 02184  0.23001 -2.59

Bikbaevet C2 27 50 3.6 50 0.3366  0.030966  0.02201 16.90

al.(1973) (3 28 50 4.2 50 0.3366  0.025584  0.02043 11.21

c4 29 50 7.8 50 0.3366 0.018876  0.01831 1.53

Pyboyina D1 30 508 1.5 122 0.00017 159E-07  4.1E-07  -44.02

(2006) p2 31 508 1.5 189  0.00051 142E-06  43E-06  -50.41

Fig 9 shows that the developed model results have a good correlation with the experimental results with an
R2 value of 0.9207. It can be concluded from Fig 9(a) that the developed model has 92.07% accuracy. Fig 9(b)
shows that the developed model compares well with the experimental.
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Fig. 9 Comparing the study model with experimental results (a) Experimental results against predicted results; (b)
Experimental results and predicted result against experiment number

The new erosive wear model in this study was developed by applying the Hertzian impact model and the
impact model of Du and Wang. The new model determined erosion of inner-wall of pipeline carrying particle-fluid
mixture as function of continuous multiple particles impact on the wall. The calculation procedure is aimed at
calculating the volume and weight of materials removed by the individual particles. To achieve this, the impact
crater depth and length are computed by the application of existing impact theory. The inner-wall mass loss rate
of the target surface is determined by simple dimensional computations which involves the inclusion of the target
material density and particles mass flow rate. To better appreciate the developed erosion model of this study; the
results were compared to that predicted by Fluent built-in models: Oka, DNV, McLaury and Finnie models. Plotting
deviation percentage against velocity for A1-B14 experiments gives the plot in Fig 10(a). Fig 10(a) shows that the
model has minimal negative deviation from experimental results due to over-prediction than the other models
other than DNV, and has minimal positive deviation due to under-prediction than the DNV. Thus, it is more trusted
than the other models. Fig 10(b) compares the built-in models with study model. The study model has better
agreement with experimental results than the other models. This is because at 0-5, 12-20 and 25-30 experimental
point is more close than other models with the presence of particle diameter as a parameter that have major
influence on the results of the study model. Fig 11 is the Fluent simulation output for experimental data B2. The
developed model simulation output in Fig 11(e) shows that a wider area on the elbow was deeply eroded, a trend
different but is more realistic than the other models.

60 0.8 b
(a) —@— This Work (b)
40 0.7 —e—Finnie
0 ;g 0.6 McLaury
~ —@— Oka
— Bos
=0 = —e— DNV
G 20 25 % 0.4 ——xp.
h o
< 03 [
-40 %
==@=This Stud 202
-60 y L
=@=(ka 0.1
-80 McLaury
=@ Finnie 0
-100 @ DNV 1 2
Velocity (m/s) 0 0 0 30
Exp. No

Fig. 10 Comparing the study model with built-in models; (a) Graph of % error against velocity (A1-B14
data); (b) Graph of erosion rate against experiment number
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Fig. 11 Erosion scar on pipe bend (Fluent Output of B2 data); (a) DNV (b) Oka; (c) McLaury; (d) Finnie; (e) The

3.5 Variation with Mass Flow Rate

Experiment B27-B30 has varied mass flow rate at constant velocity of 100m/s and all other parameters are
constants. Therefore, B27-B30 was used to study the effect of mass flow rate and the responses of the study model
together with the built-in models in Ansys 2021 R2. The study model was found to predict much closer to
experimental values than the rest of the models as shown in Fig 12.
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Fig. 12 Effect of mass flow rate - Comparing the study model with experimental results for B27-B30 data

3.6 Effect of Bent Radius (R) on Erosive Wear

C2-C4 data has varying R/D ratio and all other parameters are constant. Therefore, the data were used to
investigate the influence of bent radius on erosion. R is the radius of pipe bent and D is the diameter of the pipe.
For a pipe of fixed diameter as the case of C2-C4, the ratio R/D is a function of bent radius, therefore, increase in
R/D ratio translates to increase in bent radius (R). Fig 13 shows that the erosion rate decreases slightly as the R/D
increases. The study model shows good agreement with experimental data. Fig 14 shows the simulation output
diagram for C4 data. The simulation output of the study model as shown in Fig 14 (e) is more realistic as wider
area on two points of the elbow were eroded and the erosion scar spread all over the elbow.
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Fig. 13 Effect of R/D ratio - Comparing the study model with experimental results; C2-C4 data

Penerbit
UTHM



240 Int. Journal of Integrated Engineering Vol. 16 No. 5 (2024) p. 224-249

consour1
DPM Erosion Rate (DN
E.01e-03

7.21e-03
6.41e-03
5.61e-03
4.818-03
4.01e-03
3.21e-03
2.408-03
1.608-03
E.01e-04

0.008+00
| kg'im*2 5) |

coniour-1

DPM Ercsion Rate {Oka)
215802
1.836-02

contour-1
DIPM Erasions Rate (MeLa)
4.768.02
4.200.02
1.726-02
1.508-02

aeie-02
33302

286e-02
2.388-02

1.288-02
1.07e-02
& 568-03
644003

181602
1.43e-02
4.290-03 9530-03
4.76e-08

0008400
[kg/m*2s) |

2150-03

0.008+00
[ kgm*25)]

() (b) (9

contour-2
DPM Ercsion Rate (UDF) Wy
1.008-02

contour-1
DP M Ercsion Rate (Finni
3.27e-02

2.94e-02 001003

£.01e-03
7.01e-03
6.018-03
5.008-03

2.626-02
2.29¢-02
1.966-02
1.64¢-02
1.31e-02 400203
981603 3.008-03
654¢-03

3.27e-03

2.00e-03
1.00e-03

0.00e+00 0

0.00e+0!
[kg(m'2s)] [kg/(m'2s)]

(d) (e)

Fig. 14 Erosion scar on pipe bent (Fluent Output of C4 data);(a) DNV; (b) Oka; (c) McLaury; (d) Finnie; (e) The
study Model (UDF)

3.7. Further Comparison with Other Models

Further validation of the applied model of this study was carried out by direct computation in MATLAB using the
Oka’s model, DNV model and the E/CRC erosion model. The models’ constants are given in Table 4. The erosion
rate is calculated in kg/s. Carbon steel target and spherical sand particles (S;0,) are considered as erodent. The
mechanical properties of the target and the erodent are given in Table 1. The material constant for the developed
model was taken as unity for carbon steel material (k=1).

Table 4 Models’ constants

S/N  Oka’s Model DNV Model E/CRC Model
Constant Value Constant Value Constant Value

1 k 65 K 2x10° K 2.17 X107

2 ky -0.12 n 2.6 N 2.41

3 k, 2.3H2038 Ay 9.37 f 0.2

4 ks 0.19 A, 42.295 A 5.3983

5 n; 0.71H2* A 110.864 A, -10.1068

6 n, 2.4H;,°%19 A, 175.804 Ag 10.9327

7 %4 104 m/s As 170.137 A, -6.3283

8 D’ 326 um Ag 98.398 Ag 1.4234

9 a 0<aH, <1 A, 31.211

10 b 1 Ag 417
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3.7.1. Variation with Impact Angle

The developed mechanistic model in this study was compared to three existing models by direct simulation in
MATLAB. The developed model varies with impact angle just like the rest of the models. The developed model
agrees more with the DNV and Oka’s model at higher velocities. Fig 15 shows the variation of the mechanistic
model with the impact angle for a range of 1-90°. Fig 15 (b) shows an agreement between the proposed model
and the DNV model between 00 to 900 for impact velocity of 300m/s and particles mass flow rate of 0.05kg/s. For
a very low impact velocity, there is generally no agreement between the DNV, E/CRC and the developed model of
this study as well as the Oka’s model. Fig 15 also shows that Oka’s models tend to be predicting values higher than
the rest. The behaviour is more pronounced at lower velocities as shown in Fig 15 (c) and (d).
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Fig.15 Effect of impact angle for particle diameter, d = 100 um

3.7.2. Variation with Impact Velocity

The effect of impact velocity on the developed model was also investigated in comparison with the selected three
models by direct computation in MATLAB. Fig 16 shows that all the four models follow the same trend. The
developed mechanistic model competes favorably with the DNV and the Oka’s model. Fig 16 (a) and (b) shows
that the developed model, DNV and the Oka’s model have perfect agree at the different particle mass flow rate. An
increase in velocity increases the erosive wear rate because the particle has more kinetic energy which is
converted to do more work on the target material causing more wear damage on the material. Higher velocity also
means higher turbulence which causes the particle to impact at different angle causing a combine effect of
indentation, crack and abrasion, which eventually lead to higher erosive wear.

Fig 16 (a) and (b) shows the effect of particle velocity at higher particle mass flow rate. The model developed
in this study show good agreement with the rest of the models at all tested particle velocities. Generally, the
developed model is responsive probably because of the inclusion of many materials’ mechanical properties in the
model. Fig 16 also shows that E/CRC model predicts values that are lower than the rest of the model at all
velocities.
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Fig.16 Effect of impact velocity for particle diameter, d = 100 um

3.7.3 Effect of Particle Mass Flow Rate

The effect of mass flow rate of particles on the erosive wear of steel surface and the response of the model
developed in this work was also investigated. Fig 17 shows similar trend for all the models. Increase in mass flow
rate of particles has a linear effect on the erosive wear rate of the target material. However, the effect of particle
mass flow rate is more on the Oka’s model than the rest of the models. The developed model of this study shows
consistent high response to mass flow rate. However, a much higher agreement is observed between the
developed model, DNV and Oka’s models for all tested impact angles.
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Fig.17 Effect of particle mass flow rate for particle diameter, d = 100 ym

3.7.4 Effect of Particle Diameter

The effect of particle diameter is not captured in the empirical correlation of DNV and E/CRC models; however,
Oka’s correlation model includes the particles average diameter. The developed model, being mechanistic,
combines all the material parameters including the particle mean diameter. Fig 18 shows the variation of eroded
mass loss with particle diameter.

This study undertakes extra steps to analyze the effect of particle diameter on the erosion rate by plotting
eroded mass (kg/Impact) against particle diameter as shown in Fig 18. The result shows that an increase in
particle size (diameter) leads to a corresponding increase in indentation or erosive damage for both Oka’s and the
developed model. The model of DNV and E/CRC did not consider particle diameter as a parameter that have major
influence on the results of their models. Theoretically, few larger particles may produce the same effect as the
many smaller particles, however, experimental investigations in recent times show slight increase in erosive wear
rate as the mean particle sizes increase. From Fig 18 (a) and (b) it can be inferred that larger particles have greater
momentum and kinetic energy and as such can cause erosive damage more easily than smaller particles.
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Fig. 18 Effect of particle diameter on erosive impact damage

3.7.5 Effect of Elastic Modulus and Yield Strength

The developed model incorporates many mechanical properties of both the target material and the erodent. The
effect of the modulus of elasticity and the yield strength of the target material was investigated using the
developed model; the results are displayed in Fig 19(a) and Fig 19(b). Fig 19 (a) and (b) show that erosion rate
increase with increase in the modulus of elasticity of the target material. The same trend is observed in the
equivalent elastic modulus as shown in Fig 11 (b). Fig 20 shows that the erosion rate decreases with increase in
the value of the target material yield strength. For Carbon steel, the yield strength is proportional to hardness;
therefore, similar trend is expected for material hardness.
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Fig. 20 Effect of yield strength and hardness

3.8 Investigation of Erosion in Coal-liquid Slurry Pipeline

The hardness of coal is less than that of steel, however, coal slurries in pipe will still lead to wall thinning of the
pipeline due to erosion. To the best of our knowledge, data used in developing most of the empirical erosion
models were obtained by using the harder particles as erodent, and softer materials as the target. The existing
models, therefore, do not account for the effect of the erodent’s hardness and other mechanical properties, thus,
may not be accurate in predicting the erosion of steel (harder target) pipeline due to coal (softer erodent) slurry
flow. The study model validated in this study offers to be reliable as it accounts for the properties of both erodent
and target materials. Therefore, the developed erosion model, haven been validated with experimental data and
found to have high accuracy was used in the investigation of erosion rate of coal-liquid slurry pipelines. To
investigate the erosion of coal slurry pipelines, anthracite coal with density of 1550 kg/m3 was used as the erodent
materials. The mechanical properties of coal were obtained from [30] as follows; poison ratio = 0.36 and Elastic
modulus = 1.56GPa. The yield strength of anthracite coal was obtained from Wang et al. [31] as 88.79 MPa for a
small coal particle size. Therefore, a value of 88.79 MPa for 100um diameter was used in this study. The hardness
is calculated from the yield strength as Hp = yield strength (GPa) x 2.8 = 0.25. The carrier fluid is liquid water.

3.8.1 Pipe Elbow

To investigate the erosion of steel pipeline elbow due to coal slurry flow, a vertical pipe elbow of diameter (D)
25mm and R/D ratio of 1.5 was used. The velocity was varied from 12.5m/s to 50m/s and the mass flow rate
varied from 0.05kg/s to 5.0kg/s. Fig 21 shows the effect of velocity and mass flow rate on erosion rate. Increase
in velocity results in nonlinear increase in erosion rate, while increase in mass flow rate leads to corresponding
linear increase in erosion rate. Fig 22 shows that at low velocity as in Fig 22(a), the erosion scar concentrated on
the elbow and the V-shaped erosion scar was not found. It shows that the moving particles dissipated most of its
energy on the elbow surface and was left with little energy which is incapable of causing further erosion. As the
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velocity increases, the V-scar can be seen as shown in Fig 22 (b-e) and minor erosion scars scattered all over the
elbow and beyond.
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Fig. 21 Erosion rate of 25mm diameter elbow effect of velocity (b) effect of mass flow rate
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Fig. 22 Effect of velocity on erosion rate of 25mm diameter elbow (a) 5.0m/s; (b) 12.5m/s; (c) 25m/s; (d) 37.5m/s;
(e) 50m/s

3.8.2 Straight Pipe

Straight pipeline also suffers erosion when slurries flow through it. The particles made impact on the pipe bed due
to gravitational settling and turbulence in the pipeline, thereby causing erosion in the pipe bed. Pipe diameter (D)
of 25mm 50mm, 75mm and 100 mm were used to investigate the erosion rate along the pipe length of 100D. Effect
of velocity and mass flow rate on erosion rate was also investigated. It was observed that the erosion rate increases
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along the pipe length. As the velocity increases, the point of dense erosion drifts far away from the inlet as shown
clearly in Fig 24 (a-d). From the plot of erosion rate against velocity in Fig 23 (a) and Fig 24 (a-d), it can be
concluded that the point of dense erosion drifted beyond 100D at a velocity of 50m/s, thus, the erosion on the
100D pipe spool dropped as seen in Fig 23 (a). It can be deduced that high velocity slurry flowing through a short
straight pipe spool will cause little or no erosion in the pipe spool. An increase in mass flow rate reverses the trend
caused by an increase in velocity. Fig. 23 (c) shows that an increase in diameter of the pipe leads to a decrease in
the erosion rate. The optimal condition for minimum erosion due to coal slurry flow in straight pipeline is
summarized as “large pipe diameter transports coal slurries at higher velocity and at low mass flow rate”.
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Fig. 23 Erosion rate of 25mm diameter straight pipeline (a) effect of velocity; (b) effect of mass flow rate; (c) effect
of mass pipe diameter
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Fig. 24 Effect of velocity on erosion rate of 25mm diameter straight pipe (a) 12.5m/s; (b) 25m/s; (c) 37.5m/s; (d)
50m/s

4. Conclusions

A mechanistic approach inner-wall erosive wear model has been developed in this study by applying the Hertzian
impact model and the impact model of Du and Wang. The model development involved determining the impact
crater depth and length and computing the volume of created crater due to impact by single particle. The inner-
wall mass loss rate of the target surface is determined by simple dimensional computations which involves the
inclusion of the target material density and particles mass flow rate. The mechanistic approach model has been
compared with experimental data and other models using ANSYS FLUENT 2021 R2 and found to have a very high
level of agreement.

The following conclusions were drawn from this study:

1. Itis general though validated for carbon steel in this study. Simple variation of the material constant, k,
in the model will make it suitable for variety of target materials.

2. The results of the study show that coal-liquid slurry causes erosion in both bent and straight pipe.

3. The outcome of the simulation show that the developed model is 92% accurate when compared with the
experimental values.

4. The Mechanistic model can include several parameters which are core mechanical properties of the
materials that determine the level of response of its surface to erosive wear.

5. The model is responsive to material property change since many of the mechanical properties are
included in it.

6. The result shows that increase in particles size (diameter) leads to increase in indentation or erosive
damage.

7. The developed model incorporates many mechanical properties of both the target material and the
erodent. The effect of the modulus of elasticity and the yield strength of the target material was
investigated using the developed model.

The developed mechanistic model presented in this study will be useful for the accurate prediction of inner-
wall erosive wear rate of pipelines conveying slurries particles in fluid, thereby reducing associated danger. The
study model can be used to investigate erosion in coal slurry pipelines. It is expected that the outcome of this study
will be of significant help for the strengthening of the universal application of mechanistic models for predicting
erosion rate.
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