
INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN FLUIDS
Int. J. Numer. Meth. Fluids 2004; 46:19–35 (DOI: 10.1002/�d.744)

Numerical calculations of erosion in an abrupt pipe contraction
of di�erent contraction ratios
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SUMMARY

Erosion predictions in a pipe with abrupt contraction of di�erent contraction ratios for the special
case of two-phase (liquid and solid) turbulent �ow with low particle concentration are presented.
A mathematical model based on the time-averaged governing equations of 2-D axi-symmetric turbulent
�ow is used for the calculations of the �uid velocity �eld (continuous phase). The particle-tracking
model of the solid particles is based on the solution of the governing equation of each particle mo-
tion taking into consideration the e�ect of particle rebound behaviour. Models of erosion were used to
predict the erosion rate in mg/g. The e�ect of Reynolds number and �ow direction with respect to the
gravity was investigated for three contraction geometries considering water �ow in a carbon steel pipe.
The results show that the in�uence of the contraction ratio on local erosion is very signi�cant. However,
this in�uence becomes insigni�cant when the average erosion rates over the sudden contraction area are
considered. The results also indicate the signi�cant in�uence of inlet velocity variations. The in�uence
of buoyancy is signi�cant for the cases of low velocity of the continuous �ow. A threshold velocity
below which erosion may be neglected was indicated. Copyright ? 2004 John Wiley & Sons, Ltd.
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1. INTRODUCTION

When solid particles are transported in a �uid �ow, erosion may occur and may cause
equipment malfunctioning (vibration, leakage, excessive energy losses, etc.) and may also
lead to complete failure of machine components. Abrupt pipe contraction is experienced in
various gas and liquid �ow passages such as �ow in pipes and pipe �ttings (valves, bends,
elbows, �ow meters, etc.), �ow in pumps, turbines, compressors and many others. Accu-
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rate prediction of the rate of erosion in a speci�c application is one of the very compli-
cated problems since it requires detailed investigation of the solid particle motion before
and after impact. The di�culty arises mainly from the fact that most �ows occurring in
industrial processes are turbulent which makes the particle trajectory and impact characteris-
tics di�cult to predict taking into consideration all �uid forces acting on the particle. The
following literature review is limited to previous work done on erosion in pipes and pipe
�ttings.
The use of computational methods in erosion prediction constitutes a combination of �ow

modelling, Lagrangian particle tracking, and the use of erosion correlations. The �ow model
is used to determine the �ow �eld for a given geometry while the particle tracking model is
used to determine the particle trajectories for solid particles released in the �ow. The particle
impingement information extracted from the trajectories is used along with the empirical
erosion equations to predict the erosion rates. This model, which is sometimes called the
Lagrangian approach, requires expertise in �uid dynamic modelling and a large amount of
computational work. Numerical solutions for the turbulent �ow of an air–solid suspension
in a heated vertical pipe using Eulerian–Eulerian and Eulerian–Lagrangian formulations were
conducted [1]. The main task was to assess the accuracy of these two formulations, taking the
experimental data reported by Tsuji et al. [2] and Jepson et al. [3] as a base for comparison.
The �rst part of the pipe contains developing �ow with no heat transfer. In the second part
of the pipe, the dynamically fully developed �ow was heated using a heated section of the
pipe (constant heat �ux). The simulation was carried out for di�erent values of mass loading
with particles of 500 �m diameter. The comparisons with experimental data for the dynamic
features of the �ow showed the same accuracy level for both formulations, especially for
dilute �ows. However, the accuracy was found to decrease signi�cantly in both formulations
as more particles were injected in the �ow.
The application of Lagrangian models was considered by Lu et al. [4], Keating and

Nesic [5], Edwards et al. [6], Wallace et al. [7] and Wang et al. [8] who used combi-
nations of computational �uid dynamics and di�erent Lagrangian particle tracking models to
predict the particle movement through complex geometries. Di�erent computational �uid dy-
namic (CFD) packages such as PHOENICS [5, 9], CFD code [6] and CFX-code [10] were
used to predict the �uid �ow �eld. Wang et al. [8] developed a computational model for
predicting the rate of erosive wear in a 90◦ elbow for the two cases of sand in air and sand
in water. The �ow �eld was �rst obtained and then the particle trajectory and impacting
characteristics were determined by solving the equation of particle motion taking into consid-
eration all the forces including drag, buoyancy, and virtual mass e�ects with the assumption
of a uniform distribution of the solid particles at the starting section. The penetration rate was
obtained using a semi-empirical relation that was previously developed [11]. A comparison
between the predicted penetration rates and the available experimental data showed a good
agreement.
Shirazi and McLaury [12] presented a model for predicting multiphase erosion in elbows.

The model was developed based on extensive empirical information gathered from many
sources, and it accounts for the physical variables a�ecting erosion, including �uid proper-
ties, sand production rate and size, and the �uid-stream composition. An important di�erent
feature of this model was the use of the characteristic impact velocity of the particles. The
method used for obtaining this characteristic velocity for an elbow was an extension of a
previous method introduced by the same authors for the case of a single-phase �ow. The
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results from the model were compared with previous experimental results for elbows and
were found to have a better agreement with data related to failure in elbows in industrial
�elds.
In the study of Edwards et al. [6], an erosion prediction procedure was developed and

veri�ed based on a CFD code combining �ow �eld analysis and particle tracking for obtaining
particle impingement data. The erosion rate was then computed using the empirical relations of
Ahlert [11] and applied to predict erosion in a pipe bend �tting made of carbon steel. The CFD
code utilized a �nite-volume multi-block approach for solving Navier–Stokes equations based
on a user-de�ned computational model that was described by Patankar [13]. The authors used
the Lagrangian particle-tracking algorithm of the CFD code for the prediction of individual
trajectories of the dispersed phase through the �ow �eld.
Based on the above literature search and to the best of the authors’ knowledge, most of

the published work on erosion in pipes focused on straight pipes and pipe �ttings such as
bends and elbows. The erosion process occurring in an abrupt pipe contraction or sudden
enlargement was not considered in any previous study. The present research work aims at
studying the e�ect of �uid �ow parameters and contraction ratios on the rate of erosion in
pipe contractions under conditions simulating the actual working conditions. The calculation
of the �ow pattern and solid particle motion inside the pipe contraction was performed and
the available data in the literature are used for estimating the rate of erosion.

2. THE CALCULATION PROCEDURE

The rate of erosion in tubes depends upon many parameters such as the properties of the
impacting particles, the properties of the tube material, and the other parameters of the impact
process [14–16]. Thus, the �ow �eld characteristics and the details of the particle impact
process as well as the erosion rate correlations are required for the prediction of the rate of
erosion in tubes. In the present work, the �ow velocity �eld in the domain of interest was
predicted. This is followed by the calculation of the trajectories of solid particles entrained in
the �uid using Lagrangian particle tracking model and then extract the particle impact data.
Finally, the erosion and penetration rates were predicted based on the available formulae [7].
The Lagrangian particle tracking method represents a one-way �ow-to-particle coupling

method that can be used when low volume of particles is simulated. Two computational
models were developed. The �rst is the continuous phase model (dealing with the prediction
of the �ow velocity �eld) and the second is the particle tracking model (dealing with the
prediction of particle motion). A brief discussion of the two models is presented in the
following sections.

2.1. The continuous phase model

A combination of computational �uid dynamics and Lagrangian particle tracking is normally
used to predict the particle movement through complex geometries [5–8]. To predict the �ow
pattern of the continuous �ow phase, the conservation equations for mass and momentum are
solved. Additional transport equations for the turbulence model are also solved since the �ow
is turbulent. The time-averaged governing equations of 3-D turbulent �ow can be found in
many references [17, 18] and can be presented as follows.
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2.1.1. The continuity and momentum equations. Mass conservation: The steady-state time-
averaged equation for conservation of mass can be written as

@
@xj
(�Uj)=0 (1)

Momentum conservation: The steady-state time-averaged equation for the conservation of
momentum in the i direction can be expressed as
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where p is the static pressure. The stress tensor �uiuj is given by
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where �ij is the Kronecker delta which is equal to 1 for i= j and equals 0 for i �= j and
�e� =�t + � is the e�ective viscosity. The turbulent viscosity, �t , is calculated using the
high-Reynolds number form as

�t =�C�
k2

�
(4)

with C�=0:0845, k and � are the kinetic energy of turbulence and its dissipation rate. These
are obtained by solving their conservation equations as given below.

2.1.2. Conservation equations for the turbulence model. The conservation equations of the
turbulence model [19, 20] are given as follows:
The kinetic energy of turbulence:
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The rate of dissipation of the kinetic energy of turbulence:
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where Gk represents the generation of turbulent kinetic energy due to the mean velocity
gradients and is given by

Gk = − �uiuj @Uj@xi (7)

The quantities �k and �� are the e�ective Prandtl numbers for k and �, respectively, and C∗
2

is given by Shih et al. [20] as

C∗
2 =C2 + C3 (8)

where C3 is a function of the term k=� and, therefore, the model is responsive to the e�ects of
rapid strain and streamline curvature and is suitable for the present calculations. The model
constants C1 and C2 have the values; C1 = 1:42 and C2 = 1:68.
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The wall functions establish the link between the �eld variables at the near-wall cells
and the corresponding quantities at the wall. These are based on the assumptions introduced
by Launder and Spalding [21] and have been most widely used for industrial �ow mod-
elling. The details of the wall functions are provided by the law-of-the-wall for the mean
velocity [17].

2.1.3. Boundary conditions. The velocity distribution is considered fully developed turbulent
pipe �ow at the inlet section with the velocity in the direction of the nozzle axis. Kinetic

energy and its dissipation rate are assigned through a speci�ed value of
√
k= �U

2
equal to

10% and a length scale L, equal to the diameter of the inlet pipe. The boundary condition
applied at the exit section is that of fully developed �ow. At the wall boundaries, all velocity
components are set to zero in accordance with the no-slip and impermeability conditions. The
value of the kinetic energy of turbulence near the wall, kp, is calculated from the transport
equation for k with �ux of energy to the solid wall is set to zero. The corresponding value
of � is calculated from �= c�k3=2=l with l is given as l= c

1=4
� �yp where � is constant and is

equal to 0.42. yp is the distance of the node adjacent to the wall.

2.1.4. Solution procedure. The conservation equations are integrated over a typical volume
that is formed by division of the �ow �eld into a number of �nite volumes, to yield the
solution. The equations are solved simultaneously using the solution procedure described by
Patankar [13]. Calculations are performed with at least 300 000 elements considering �ne
elements in the section of the pipe contraction close to the inlet to small pipe. Convergence
is considered when the maximum of the summation of the residuals of all the elements
for Ui (i=1; 2) and pressure correction equations is less than 0.1%. The grid independence
tests were performed by increasing the number of control volumes from 260 000 to 380 000
in two steps; 260 000–320 000 and 320 000–380 000. The in�uence of re�ning the grid on
the velocity �eld is very negligible and indicates that more mesh re�nement will result in
negligible changes in the results of the computational model.

2.2. Particle tracking

The particle tracking calculation is required to determine the particle trajectory from the
moment it enters the pipe until it leaves the small tube. Of special interest is the particle
velocity (magnitude and direction) before every impact either on the pipes walls or anywhere
on the tube sheet. Such impact velocity is not only important for the calculation of solid
surface erosion but also in the determination of the particle trajectory during its course of
motion following impact. One of the main assumptions in this study is that the solid particles
are not interacting with each other (the particles do not collide and the motion of any particle
is not in�uenced by the presence or motion of neighbouring particles). Moreover, the in�uence
of particle motion on the �uid �ow �eld is considered very small and can be neglected. These
two assumptions are based on the condition of fairly dilute particle concentration. The same
assumptions were made by Lu et al. [4], Keating and Nesic [5], Edwards et al. [6], Wallace
et al. [7], Benchaita et al. [22] and Shirazi et al. [23] in the solution of similar problems of
low particle concentration (less than 2–3% by weight). Taking the main hydrodynamic forces
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into consideration, the particle equation of motion can be written [7] as

dup
dt
=FD(u− up) + g(�p − �)=�p + F vm + F pg + Fsl (9)

where FD(u − up) is the drag force per unit particle mass and FD =3CD�Rep=(4�pD
2
p),

g(�p−�)=�p is the buoyancy force term, F vm is the virtual mass term (force required to acceler-
ate the �uid surrounding the particle), F pg is the pressure gradient term and F sl is the Sa�man
lift force or lift due to shear. The Magnus lift force (resulting from particle rotation) was
neglected because it is only important at low Reynolds number which is not the case for the
present calculations. The Basset history force (the force accounting for the �ow �eld unsteadi-
ness) has been neglected due to low particle acceleration in the present �ow �eld calculations.
The particle Reynolds number, Rep, and the drag coe�cient, CD, are obtained from

Rep =
�Dp|up − u|

�
(10)

CD = a1 +
a2
Rep

+
a3
Re2p

(11)

where the a’s are constants given by Morsi and Alexander [24] for smooth spherical particles
over several ranges of Rep. Another equation that is frequently used for CD [25] is given by

CD =
24
Rep

(1 + b1Reb2p ) +
b3Rep
b4 + Rep

(12)

where b1, b2, b3 and b4 are expressed in terms of the surface area of a sphere having the
same volume as the particle to the actual surface area of the particle.
In the present case of low particle concentration, the particles motions are considered non-

interacting and the dominant force in Equation (9) is the drag force [6]. Some of the other
forces given in Equation (9) are of small order of magnitude and can be neglected in this
study. The �rst of these is the virtual mass term that takes care of the force required to
accelerate the �uid surrounding the particle. This term can be expressed as

F vm =
1
2
�
�p

d
dt
(u− up) (13)

and is important when �¿�p which is not the case in the present study. The second force is
that due to pressure gradient, F pg, that arises from the in�uence of the pressure gradient in
the �ow which acts on every volume element of the �owing medium and can be written as

F pg =
(
�
�p

)
∇p (14)

The above statement implies that the pressure does not vary signi�cantly over a distance
of one particle diameter, a condition that is normally satis�ed for reasonably small particles.
Accordingly, the pressure gradient force is neglected in the present study not only due to the
small size of the particles but also due to the small pressure gradient prevailing in the �ow
�eld. The other forces include the thermophoretic force which is related to small particles
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suspended in a gas that has a temperature gradient. The particles under such circumstances
experience a force in the direction opposite to that of the gradient. Brownian force [26] apply
for sub-micron particles. These forces are neglected in the present study. It has been shown
by Wallace et al. [7] and Meng et al. [27] that Sa�man’s lift force does not contribute greatly
to the particle motion and, therefore, it is also neglected in the present calculations.
The particle trajectory equations are solved by stepwise integration over discrete time steps.

Integration in time of the equation of particle motion yields the velocity of the particle at
each point along the trajectory, with the trajectory itself predicted by:

dr
dt
= up (15)

where r is the position vector. The above equation is integrated in each co-ordinate direction
to predict the trajectories of the discrete phase. During the integration, the �uid phase velocity,
u, is taken as the velocity of the continuous phase at the particle position.
The boundary conditions considered when a particle strikes a boundary surface depends

on the nature of that surface and the particle being (i) re�ected via an elastic or inelastic
collision, (ii) escaped through the boundary or (iii) trapped at the wall. (i) Regarding the
re�ection via an elastic or inelastic collision, the coe�cient of restitution is taken as 0.9 in
the present calculations for the cases of re�ection at a wall or at an axis of symmetry. The
coe�cient of restitution de�nes the amount of momentum in the direction normal to the wall
that is retained by the particle after colliding with the boundary [28]. (ii) When the particle
encounters such a boundary, it is considered that the particle has escaped and the trajectory
calculations are then terminated. (iii) The trajectory calculations for some particles (normally
very few particles) are terminated when the particles get trapped in the �ow �eld. This is
found to occur when a particle circulates in a con�ned �ow zone. In such a case, the trajectory
calculations are terminated.

2.3. The erosion model

The previous experimental results [16, 29] show that the erosive wear-rate exhibits a power-law
velocity dependence. The velocity exponent ranges from 1.9 to 2.5. The results also indicate
that the erosion rate is a function of the angle of impact. It is shown that the in�uence of the
angle of impact depends greatly on the type of material being brittle or ductile. Prediction of
erosion in straight pipes, elbows and tees show the strong in�uence of �uid properties, sand
size and �ow velocity on the rate of erosion [30–32]. Erosion is de�ned as the wear that
occurs when solid particles entrained in a �uid stream strike a surface.
There have been many attempts in the past to represent the solid particle erosion process

by an analytical formula that could be used to predict erosion under any condition. The com-
plexity of the erosion process and the number of factors involved has meant that no generally
applicable equation has been forthcoming. Almost all of the formulae generated have therefore
some degree of dependence on empirical coe�cients provided by various experimental erosion
tests. No de�nitive theory of erosion currently exists, however, a number of qualitative and
quantitative models do exist. These are described in References [5, 6, 8, 12, 33, 34].
The empirical erosion equations suggested by Neilson and Gilchrist [35] were used by

Wallace et al. [7] to correlate the experimental erosion data to provide an erosion modelling
technique. The following formulae [7] proved to provide good results as compared to the
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experimental data:
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1
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� and � are the cutting wear and deformation wear coe�cients �=33316:9, �=77419:7 for
low velocity [7]. These formulae are used in the present calculations of the erosion rate.
Through the tracking model, impingement information is gathered as particles impinge the

walls of the geometry. As particle trajectories are computed, this impingement information is
recorded and erosion is computed using empirical relations. Knowledge of the particle impact
speed and impact angle allows the erosion rate to be computed. The ability to predict erosion
was provided by the authors through FORTRAN subroutines that are used along with the
CFD code.

3. RESULTS AND DISCUSSION

3.1. Validation
The erosion results are evaluated in comparison with previous results in order to provide
validation of the calculation procedure. Unfortunately, experimental data of erosion rates in
pipe contractions and even in pipe �ows are not available. The only available data are the
calculations of the penetration rate which are provided by McLaury et al. [36] for pipe
�ows. Therefore, calculations considering random (turbulent) impingement rather than direct
impingement were performed in a pipe �ow. The calculations were made for pipe diameter
of 0:1 m, particle diameter of 300 �m and particle density is 2650 kg=m3. The �uid is water
at 60◦C and the sand rate is 1 cm3=s. The pipe material is carbon steel. The results of the
calculations as well as the experimental data are presented in terms of the local penetration
rate. The local penetration rate represents the depth of wear at various locations on the solid
surface. The mass loss for all solid particle impingements was compiled to generate the local
penetration rate for each boundary cell. At any given boundary cell, the local penetration rate,
Pn, was calculated using the following equation [37, 38]:

Pn=1:24× 109 × ṡ
�mNpA

Elc (18)

where A is the impingement area (m2), Elc is the local erosion rate (mg/g), Np is the total
number of particles being tracked, Pn is the penetration rate (mil/year), ṡ is the sand rate
(kg/s) and �m is the density of target material (kg=m

3).
Figure 1 shows the comparison of the penetration rate utilizing the present calculation

procedure with the results of the simpli�ed model of McLaury et al. [36]. The �gure indicates
reasonable agreement between the present calculations for straight pipe �ows and those of
McLaury et al. [36] at low velocity values. At the high velocity values, the discrepancy reaches
60% at 15m=s. It may be noted that the calculations of McLaury et al. [36] incorporated a very
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Figure 1. In�uence of inlet �ow velocity on the penetration rate in a pipe. Flow, water at 60◦C; particle
size, 300 �m; pipe material, carbon steel; pipe diameter, 10 cm.

Figure 2. The in�uence of �ow direction on the local rate of erosion; d=D=0:5, Vi=10m=s: (a) Particle
diameter = 200 �m; and (b) particle diameter = 400 �m.

simpli�ed model in which the �uctuating velocity components at the sub-layer bu�er region
(close to the wall and away from the turbulent core) were estimated from the velocity pro�le
of the fully developed pipe �ow. The ratio of the number of the particles that impact the tube
surface to the amount of the sand �owing in the pipe was estimated via empirical models.

3.2. In�uence of inlet �ow velocity

The calculations were performed inside the pipe contractions. Three geometries of d=D of 0.25,
0.5 and 0.75 were considered with a �xed inlet diameter of 0:2 m. Two �ow con�gurations,
namely upward �ow and downward �ow, were considered. The particle diameters that were
considered in the present study are 10, 100, 200, and 400 �m.
Figure 2 presents the local erosion rate along the contraction plate radius for two di�erent

particle sizes 200 and 400 �m at an inlet velocity of 10m=s and contraction diameter ratio of
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Figure 3. The in�uence of �ow direction and �ow inlet velocity on the rate of erosion; d=D=0:5:
(a) Particle diameter = 200 �m; and (b) particle diameter = 400 �m.

0.5. The �gure exhibits almost similar local erosion distribution for the up- and down-�ow
cases at both of the considered particle sizes. The �gure also indicates higher erosion rates
close to the inner tip of the contraction disc for both particle diameters with signi�cantly
higher values in the case of the larger particle size. Figure 3 presents the in�uence of the
inlet �ow velocity on the erosion rate for two di�erent particle sizes of 200 and 400 �m.
The erosion rate is almost tripled as the particle size is doubled. The erosion rate increases
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exponentially with the velocity, the �gure also provides a comparison of the erosion rate for
the two cases of upward and downward �ow and exhibits similar distribution with deviations
in erosion values between the two cases only at Vi=5m=s. A threshold velocity below which
the erosion rate may be avoided can be indicated from the �gure. In both cases of 200 and
400 �m, this velocity is around 1 m=s.

3.3. In�uence of the contraction ratio

The local erosion rate along the radius of the contraction disc is given in Figure 4 for the
case of the downward �ow at three di�erent contraction ratios of 0.25, 0.5 and 0.75. The
�gures indicate an erosion free region close to the outside corner where the �ow velocity is
very small. In this region, there is no impact of particles on the surface. In general, the local
erosion rate is increased sharply with the increase in the velocity. The maximum local erosion

Figure 4. The in�uence of contraction ratio and inlet �ow velocity on the local rate of erosion for
the downward �ow case, particle diameter = 200 �m: (a) Inlet �ow velocity =1 m=s; (b) inlet �ow

velocity =5 m=s; and (c) inlet �ow velocity =10 m=s.
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Figure 5. The in�uence of contraction ratio and inlet �ow velocity on the total rate of erosion for the
downward �ow case, particle diameter = 200 �m.

rate is shown to occur at the inner tip of the contraction. It is also noted that the maximum
local erosion rate is increased with decreased contraction ratio. It is indicated that the region
of negligible erosion close to the outside corner is of the same size for all the contraction
ratios. However, decreasing d=D causes more de�ection of the streamlines. The particles do
not normally follow these streamlines and, therefore, cause impact on the wall causing high
rate of erosion.
The data of Figure 4 was integrated to provide the total erosion rate along the contraction

disc and the results are given in Figure 5. The �gure presents the in�uence of the inlet
�ow velocity on the total erosion rate for the downward �ow case at the di�erent values
of contraction ratios. In order to eliminate the e�ect of the disc area, the erosion rate is
presented per unit area of the contraction disc. The �gure indicates the signi�cant in�uence
of the velocity. It is also shown that a criterion for the threshold inlet velocity below which
erosion rate may be negligible can be obtained. Considering the erosion rate per unit area of
the contraction disc, it is shown that the in�uence of the contraction ratio on the erosion rate
is insigni�cant with the ratio of d=D=0:5 giving slightly less erosion rate at the �ow inlet
velocities of higher values.
Similar to the case of downward �ow, the in�uence of the contraction ratio on the radial

distribution of the local erosion rate for the upward �ow is presented in Figure 6. Similar
observations regarding maximum local erosion and its radial position. However, in-depth com-
parisons between Figures 4 and 6 shows that the erosion rates are similar at inlet �ow velocity
of 10 m=s but di�ers signi�cantly as the velocity is reduced from 10 to 5 m=s and from 5
to 1:0 m=s. At Vi=1 m=s, the erosion rate is negligible at most of the radial locations in the
case of the upward �ow. The di�erence in the magnitudes of the erosion rate at low velocity
values between the upward and downward �ows is attributed to the fact that the in�uence of
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Figure 6. The in�uence of contraction ratio and inlet �ow velocity on the local rate of erosion
for the upward �ow case, particle diameter = 200 �m: (a) Inlet �ow velocity =1 m=s; (b) inlet �ow

velocity =5 m=s; and (c) inlet �ow velocity =10 m=s.

the buoyancy forces is signi�cant in the low velocity range and negligible in the high velocity
range.
Figure 7 presents the in�uence of the inlet �ow velocity on the total erosion rate along

the surface of the contraction disc at three di�erent contraction ratios. The data of Figure 7
de�nes a threshold velocity of 1m=s at which the erosion rate is zero for all the three cases of
contraction ratios. In comparison with Figure 5, it is shown that the erosion rates are smaller
for the upward �ow case in comparison to the downward �ow case and, in particular, for the
low velocity range where the in�uence of the buoyancy forces is signi�cant.

4. CONCLUDING REMARKS

Mathematical models for the calculations of the �ow velocity �eld and the motion of the solid
particles have been established. These models in addition to models of erosion were used to
predict erosion rates under di�erent conditions of inlet �ow velocity and pipe contraction
ratios. Due to the lack of experimental data the present model was validated through compar-
ison with available calculations. The present results show that the in�uence of the contraction
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Figure 7. The in�uence of contraction ratio and inlet �ow velocity on the total rate of erosion for the
up �ow case, particle diameter = 200 �m.

ratio on local erosion is very signi�cant. However, this in�uence becomes insigni�cant when
the average erosion rates over the sudden contraction area are considered. The results also
indicate the signi�cant in�uence of inlet velocity variations. The in�uence of buoyancy is
signi�cant for the cases of low velocity of the continuous �ow.

NOMENCLATURE

A surface area
b constant de�ned in Equation (12)
CD drag coe�cient
C� constant de�ned in Equation (4)
C1 constant de�ned in Equation (6)
C2 constant de�ned in Equation (8)
C∗
2 constant de�ned in Equation (6)
d diameter
E erosion rate, mg=g
F force
Gk generation of turbulent kinetic energy
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g gravitational acceleration
k turbulent kinetic energy
mp mass of individual particle
Np total number of particles being tracked
p pressure
Pn penetration rate
Rep particle Reynolds number
s sand �ow
Uj average velocity component
u �uid velocity vector
uj �uctuating velocity component
up particle velocity
Vi inlet �ow velocity
xj space co-ordinate
t time

Greek letters
� impact angle
� dissipation rate of turbulent kinetic energy
� dynamic viscosity
� density
�k e�ective Prandtl number for k
�� e�ective Prandtl number for �

Superscripts

. time rate
— time average

Subscripts

D drag
e� e�ective
lc local
m target material
p particle or near wall node
pg pressure gradient
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