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Abstract

Purpose – In oil and gas industries, the presence of sand particles in produced oil and natural gas
represents a major concern because of the associated erosive wear occurring in various flow passages.
Erosion in the tube entrance region of a typical shell and tube heat exchanger is numerically predicted.

Design/methodology/approach – The erosion rates are obtained for different flow rates and
particle sizes assuming low particle concentration. The erosion prediction is based on using a
mathematical model for simulating the fluid velocity field and another model for simulating the motion
of solid particles. The fluid velocity (continuous phase) model is based on the solution of the
time-averaged governing equations of 3D turbulent flow while the particle-tracking model is based on
the solution of the governing equation of each particle motion taking into consideration the viscous
and gravity forces as well as the effect of particle rebound behavior.

Findings – The results show that the location and number of eroded tubes depend mainly on the
particle size and velocity magnitude at the header inlet. The rate of erosion depends exponentially on
the velocity. The particle size shows negligible effect on the erosion rate at high velocity values and the
large-size particles show less erosion rates compared to the small-size particles at low values of inlet
flow velocities.

Originality/value – In oil and gas industries, the presence of sand particles in produced oil and
natural gas represents a major concern because of the associated erosive wear occurring in various
flow passages. The results indicate that erosion in shell and tube heat exchanger can be minimized
through the control of velocity inlet to the header.
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Nomenclature
b ¼ constant defined in equation (11)
CD ¼ drag coefficient
Cm ¼ constant defined in equation (4)
C1 ¼ constant defined in equation (6)
C2 ¼ constant defined in equation (6)
d ¼ diameter
F ¼ force

Gk ¼ generation of turbulent kinetic
energy

g ¼ gravitational acceleration
k ¼ turbulent kinetic energy
mp ¼ mass of individual particle
p ¼ pressure
Rep ¼ particle Reynolds number
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1. Introduction
Erosion is one of the major problems in many industrial processes, as for example, heat
exchangers utilizing seawater for cooling purposes and oil and gas production
facilities. It results in severe damage of different flow passages causing frequent failure
of various equipments and leading to higher cost of maintenance as well as the loss of
valuable production time. Solid particle erosion is defined as the loss of material due to
repeated application of mechanical forces resulting from the impingement of solid
particles on a surface. It is known that sand particle erosion depends on fluid
properties, flow structure, sand rate, sand size and the type of metal. The erosion
mechanism can occur in the form of direct impingement erosion when the particles
have significant momentum toward the walls such as flows in elbows. It can also occur
in straight sections such as pipes as a result of turbulent fluctuations that create a
mechanism known as random impingement. Erosion may also occur due to the local
forces induced by the impingement of liquid droplets on boundary surfaces or due to
the very high-localized pressure resulting from cavitation.

The problem of erosion in heat exchanger tubes not only affects the reliability and
overall performance of heat exchangers but also increases significantly the cost of
operation. The previous work done on erosion in straight tubes, elbows and tees show
the strong influence of fluid properties, sand size and flow velocity on the rate of
erosion (Rochester and Brunton, 1974; True and Weiner, 1976; Glaeser and Dow, 1977;
Roco et al., 1984; Venkatesh, 1986; Shook et al., 1987). The recent experimental study by
McLaury et al. (1997) on erosion in elbows and straight pipes provided correlations
between the penetration rate and the velocity at different elbow diameters and sand
rate and size. Edwards et al. (2000) reported the effect of the bend angle on the
normalized penetration rate. The objective of most of these experimental studies was to
provide data for establishing a relationship between the amount of erosion and the
physical characteristics of the materials involved, as well as the particle velocity and
impact angle.

One of the difficult problems faced in predicting the rate of erosion numerically is
the determination of the particle impact velocity, impingement angle and the frequency
of surface impacts. The numerical approach to erosion modeling constitutes a
combination of flow modeling, Lagrangian particle tracking, and the use of erosion
equations. This model, which is sometimes called the Lagrangian approach, requires

Uj ¼ average velocity component
u ¼ fluid velocity vector
uj ¼ fluctuating velocity component
up ¼ particle velocity
xj ¼ space coordinate
t ¼ time

Greek letters
1 ¼ dissipation rate of turbulent

kinetic energy
m ¼ dynamic viscosity
r ¼ density

sk ¼ effective Prandtl number for k
s1 ¼ effective Prandtl number for 1

Superscripts
– ¼ time average

Subscripts
D ¼ drag
f ¼ fluid
sl ¼ Saffman lift
p ¼ particle
pg ¼ pressure gradient
vm ¼ virtual mass
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expertise in fluid dynamic modeling and a large amount of computational work. In this
approach, it is assumed that the particles are not interacting within the flow field. The
conditions for this phenomenon correspond to fairly dilute systems characterized by
volume fractions (volume of solids/total volume) of less than 1023 (Humphrey, 1990;
Keating and Nesic, 2000). While a Lagrangian description of particle motion implies a
discrete particle phase, an Eulerian description treats the particle phase as a continuum
that permits appropriate definitions of averaged fluid quantities. Many authors carried
out comparisons between the Lagrangian and Eulerian approaches, as for example, the
work by Durst et al. (1984) and Boulet et al. (1999). The utilization of computational
fluid dynamics (CFD) for obtaining the flow field characteristics together with
modeling particle trajectories using Lagrangian simulation of particle motion can
predict erosive wear in a complex geometry such as that of multi-orifice choke valves
(Wallace et al., 2000).

Graham (1996) summarized the approaches used for developing Lagrangian models
in the research conducted prior to 1996. Wang et al. (1996) developed a computational
model for predicting the rate of erosive wear in a 908 elbow. The flow field was first
obtained through a computational model in which the governing equations of motion
were solved numerically, thereby neglecting the presence of the solid particles
(single-phase flow). The particle trajectory and impacting velocity were then
determined by solving the equation of particle motion taking into consideration all
forces including drag, buoyancy and virtual mass effects. The penetration rate was
then obtained using a semi-empirical relation that was previously developed by Ahlert
(1994). A comparison between the predicted penetration rates and the available
experimental data showed a good agreement. The investigation also showed that
long-radius elbows yielded a lower penetration rate in comparison with the
short-radius elbows. However, the results obtained are only valid for 908 elbows and
for the two cases of sand particles in air and in water.

McLaury et al. (1997) extended the mechanistic model that was developed earlier for
predicting erosion in standard elbows (Shirazi et al., 1995a, b) to predict erosion in
long-radius elbows. In that work, they accounted for the elbow radius of curvature and
for the effect of turbulent fluctuations of the flow. Their results agreed well with the
experimental data and the results obtained using a general model consisting of a flow
model, a particle-tracking model, and an erosion model. They also developed a
mechanistic model for predicting erosion in straight pipes. In that model, random
impingements were employed in the erosion mechanism to predict penetration rates.
The prediction of penetration rates in long radius elbows and in straight pipes was
carried out using semi-empirical correlations. The results for air and water showed a
good agreement with those obtained using a general model. More recently, other
Lagrangian models involving the use of CFD packages were developed, as for example,
the use of PHOENICS by Keating and Nesic (2000) and Hanson and Patel (2000). In
addition, the CFX code was used by Forder et al. (1998) for predicting erosion within
oilfield control valves and the CFD code was used by Edwards et al. (2000) to predict
erosion in a pipe bend fitting made of carbon steel.

Although the tube entrance region in heat exchangers is the most critical with
respect to erosion, there is no research published in the literature that deals with the
effect of various parameters on erosion in that region. The present research work aims
at studying the effect of different fluid flow parameters on the rate of erosion at the
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entrance region of heat exchanger tubes under conditions simulating the normal
working conditions of a typical shell and tube heat exchanger. The calculations of flow
patterns and solid particle trajectories inside the inlet header of the heat exchanger
were performed and the correlations available in the literature were used for estimating
the rate of erosion.

2. The flow domain and the governing parameters
The calculations were performed inside the inlet header of the heat exchanger and the
tubes of the sheet tube. The tube material is carbon steel. Figure 1 shows the geometry
of the header. Flow of water (having density of 998.2 kg/m3, specific heat of 4,182 J/kg K
and laminar viscosity of 0.001003 kg/ms) enters the nozzle of the heat exchanger
header. Abrupt expansion occurs at connection with the header. Water then flows
toward the tube sheet. The tube sheet has 824 tubes of diameter 14.83 mm distributed
in half a cycle as shown in the figure. Owing to symmetry, only half of the tubes were
considered. Top hat profile of inlet flow velocity was considered at the header inlet
section (Figure 1). The flow velocity ranged from 0.1 to 2.6 m/s. Sand particles of
density 2,650 kg/m3 having diameter in the range 10-350mm were considered. The
number of injected particles is 400.

3. The calculation procedure
It has been established that 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 other parameters of the impact process (Tilly, 1979; Ruff and Wiederhorn, 1979;
Davies et al., 1991). Thus, the flow field 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 Lagrangian particle tracking
method is used to model the erosion process and is normally carried out utilizing the
following steps (Wallace et al., 2000):

Figure 1.
View of the heat
exchanger header
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. predict the flow velocity field in the domain of interest;

. calculate the trajectories of solid particles entrained in the fluid using Lagrangian
particle tracking calculations and then extract the particle impact data; and

. predict the erosive wear using semi-empirical equations.

The Lagrangian particle tracking method represents a one-way flow-to-particle
coupling method that can be used when low volume of particles is simulated. Two
computational models were developed. The first is the continuous phase model
(dealing with the prediction of the flow velocity field) 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.

3.1 The continuous phase model
A combination of CFD and Lagrangian particle tracking are normally used to predict
the particle movement through complex geometries (Wang et al., 1996; Keating and
Nesic, 2000; Edwards et al., 2000; Wallace et al., 2000). To predict the flow pattern of the
continuous flow phase, the conservation equations for mass and momentum are solved.
Additional transport equations for the turbulence model are also solved since the flow
is turbulent. The time-averaged governing equations of 3D turbulent flow can be found
in many references (Habibet al., 1989; Versteeg and Malalasekera, 1995) and can be
presented as follows.

3.1.1 The continuity and momentum equations.
Mass conservation. The steady-state time-averaged equation for conservation of

mass can be written as:

›

›xj
ðrUjÞ ¼ 0 ð1Þ

Momentum conservation. The steady-state time-averaged equation for the
conservation of momentum in the j direction can be expressed as

›

›xj
ðrUiUjÞ ¼ 2

›p

›xi
þ

›

›xj
m

›Ui

›xj

� �
2

›

›xj
ðruiujÞ ð2Þ

where p is the static pressure. The stress tensor ruiuj is given by

2ruiuj ¼ meff
›Ui

›xj
þ

›Uj

›xj

� �� �
2

2

3
rkdij ð3Þ

where dij is the Kronecker delta which is equal to 1 for i ¼ j and equals 0 for i – j and
meff ¼ mt þ m is the effective viscosity. The turbulent viscosity, mt, is calculated using
the high-Reynolds number form as

mt ¼ rCm

k 2

1
ð4Þ

where Cm ¼ 0:0845; k and 1 are the kinetic energy of turbulence and its dissipation
rate. These are obtained by solving their conservation equations as given below.
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3.1.2 Conservation equations for the turbulence model. The conservation equations
of the turbulence model (Reynolds, 1987; Shih et al., 1995) are given as follows:

The kinetic energy of turbulence:

›

›xj
ðrUjkÞ ¼

›

›xj

meff

sk

›k

›xi

� �
þ Gk 2 r1 ð5Þ

The rate of dissipation of the kinetic energy of turbulence:

›

›xj
ðrUj1Þ ¼

›

›xi

meff

s1

›1

›xi

� �
þ C11Gk

1

k
2 C12r

12

k
ð6Þ

where Gk represents the generation of turbulent kinetic energy due to the mean velocity
gradients and is given by

Gk ¼ 2ruiuj
›Uj

›xi
ð7Þ

The quantities sk and s1 are the effective Prandtl numbers for k and 1, respectively,
and C12 is given by Shih et al. (1995) as a function of the term k/1 and therefore, the
model is responsive to the effects of rapid strain and streamline curvature and is
suitable for the present calculations. The model constants C11 and C12 have the values;
C11 ¼ 1:42 and C12 ¼ 1:68:

The wall functions establish the link between the field variables at the near-wall
cells and the corresponding quantities at the wall. These are based on the assumptions
introduced by Launder and Spalding (1974) and have been most widely used for
industrial flow modeling. The details of the wall functions are provided by the
law-of-the-wall for the mean velocity as given by Habibet al. (1989).

3.1.3 Boundary conditions. The velocity distribution is considered uniform at the
header inlet section with the velocity in the direction of the nozzle axis. Kinetic energy

and its dissipation rate are assigned through a specified value of

ffiffiffiffiffiffiffiffiffiffiffi
k=U

2
q

equal to 0.1
and a length scale, L, equal to the diameter of the header inlet nozzle. The boundary
condition applied at the exit section (outlet of the heat exchanger tubes) is that of fully
developed flow. At the wall boundaries, all velocity components are set to zero in
accordance with the no-slip and impermeability conditions. Kinetic energy of
turbulence and its dissipation rate are determined from the equations of the turbulence
model.

3.1.4 Solution procedure. The conservation equations are integrated and solved
simultaneously over a typical volume that is formed by division of the flow field into a
number of control volumes, to yield the solution. Calculations are performed with at
least 300,000 elements considering fine elements in the section of the header close to the
inlet to heat exchanger tubes. Convergence is considered when the maximum of the
summation of the residuals of all the elements for U, V, W and pressure correction
equations is less than 0.1 percent. 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 influence of refining the grid on the
continuous-phase velocity field is very negligible and indicates that more mesh
refinement will result in negligible changes in the results of the computational model.
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3.2 Particle tracking
The particle velocity (magnitude and direction) before every impact either on the
header walls or anywhere on the tube sheet is needed for the calculation of solid surface
erosion and for the determination of the particle trajectory during its course of motion
following impact. The particle impact velocity is obtained by determining the particle
trajectory from the moment it enters the inlet header until it leaves the heat exchanger
tubes. 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 influenced by the presence or motion of neighboring particles). Moreover, the
influence of particle motion on the fluid flow field 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 Benchaita et al. (1983), Lu et al.
(1993), Shirazi et al. (1995b), Edwards et al. (2000), Keating and Nesic (2000) and
Wallace et al. (2000) in the solution of similar problems of low particle concentration
(less than 2-3 percent by weight).

Taking the main hydrodynamic forces into consideration, the particle equation of
motion can be written as

dup

dt
¼ FDðu2 upÞ þ gðrp 2 rÞ=rp þ Fvm þ Fpg þ Fsl ð8Þ

where FDðu2 upÞ is the drag force per unit particle mass and FD ¼ 3CDmRep=4rpD
2
p;

gðrp 2 rÞ=rp is the buoyancy force term, Fvm is the virtual mass term (force required to
accelerate the fluid surrounding the particle), Fpg is the pressure gradient term and Fsl
is the Saffman lift force (Saffman, 1965). The Magnus lift force (resulting from particle
rotation) and the Basset history force (the force accounting for the flow field
unsteadiness) have been neglected. The particle Reynolds number, Rep, and the drag
coefficient, CD are obtained from

Rep ¼
rDpjup 2 uj

m
ð9Þ

CD ¼ a1 þ
a2

Rep
þ

a3

R2
ep

ð10Þ

where the a’s are constants given by Morsi and Alexander (1972) for smooth spherical
particles over several ranges of Re. Another equation that is frequently used for CD

(Haider and Levenspiel, 1989) is given by

CD ¼
24

Rep
1 þ b1R

b2
ep

� �
þ

b3Rep

b4 þ Rep
ð11Þ

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 (8) is the drag force
(Edwards et al., 2000). Some of the other forces given in equation (8) are of small order
of magnitude and can be neglected in this study. The first of these is the virtual mass
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term that takes care of the force required to accelerate the fluid surrounding the
particle. This term can be expressed as

Fvm ¼
1

2

r

rp

d

dt
ðu2 upÞ ð12Þ

and is important when r . rp which is not the case in the present study. The second
force is that due to pressure gradient, Fpg; that arises from the influence of the pressure
gradient in the flow which acts on every volume element of the flowing medium and
can be written as:

Fpg ¼
r

rp

� �
7p ð13Þ

The above statement implies that the pressure does not vary significantly over a
distance of one particle diameter, a condition that is normally satisfied 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 flow field. The other forces include the thermophoretic force
which is related to small particles 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 (Li and Ahmadi, 1992) applies for sub-micron
particles. These forces are neglected in the present study. The Saffman’s lift force or lift
due to shear is also neglected.

3.2.1 Integration of the particle trajectory equations. 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
¼ up; ð14Þ

where r is the position vector. The above equation is integrated in each coordinate
direction to predict the trajectories of the discrete phase. During the integration, the
fluid phase velocity, u, is taken as the velocity of the continuous phase at the particle
position.

3.2.2 Discrete phase boundary conditions. The boundary conditions considered
when a particle strikes a boundary surface depends on the nature of that surface and
one of the following contingencies may arise.

(1) Reflection via an elastic or inelastic collision. Reflection is the term used to
describe the particle rebound off the solid boundary with a change in its
momentum. The normal coefficient of restitution defines the amount of
momentum in the direction normal to the wall that is retained by the particle
after colliding with the boundary (Tabakoff and Wakeman, 1982). The
coefficient of restitution is taken in the present calculations as 0.9 for the case of
reflection at a wall.

(2) Escape through the boundary. The calculations of the particle trajectory are
terminated at the point when it passes through an open boundary (the exit

HFF
15,2

150



section of any of the heat exchanger tubes). When the particle encounters such
boundary, it is considered that the particle has escaped and the trajectory
calculations are then terminated.

(3) Trap at the wall. The trajectory calculations for some particles (normally very
few particles) are terminated when the particles get trapped in the flow field.
This is found to occur in two cases. The first when a particle circulates in a
confined flow zone and the second when a particle is trapped near the base plate
of the inlet header where the flow velocity is very small. In such cases, the
trajectory calculations are terminated. In the present calculations, 5,000 steps
with length scale (step size) of 2 mm were used in integrating the particle
equation of motion (equation (8)). This ensured that the number of tracking
steps is large enough until all particles leave the domain or it becomes constant.
The latter case occurs for particles in low speed recirculation zones.

3.3 The erosion model
The previous experimental results (Davies et al. 1991; Isomoto et al. 1999) show that the
erosive wear-rate exhibits 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 influence 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 influence of fluid properties, sand size and flow
velocity on the rate of erosion (McLaury and Shirazi, 1998; Shirazi et al., 1995a, b;
Postletwaite and Nesic, 1993). Erosion is defined as the wear that occurs when solid
particles entrained in a fluid 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 complexity 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
coefficients provided by various experimental erosion tests. No definitive theory of
erosion currently exists, however, a number of qualitative and quantitative models do
exist. These are described by Finnie (1958), Finnie et al. (1992), Wang et al. (1996),
Keating and Nesic (2000), Edwards et al. (2000) and Shirazi and McLaury (2000).

The empirical erosion equations suggested by Neilson and Gilchrist (1968) were
used by Wallace et al. (2000) to correlate the experimental erosion data to provide an
erosion modeling technique. Wallace et al. (2000) provided the following formula that
proved to provide good results as compared to the experimental data:

E ¼

1
2 u

2
p cos2 a sin 2a

g
þ

1
2 u

2
p sin2 a

s

( )
a # 458 ð15Þ

E ¼

1
2 u

2
p cos2 a

g
þ

1
2 u

2
p sin2 a

s

( )
a . 458 ð16Þ
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The material of the heat exchanger tubes is carbon steel similar to that of Wallace et al.
(2000) and having g and s (the cutting wear and deformation wear coefficients) with
the values g ¼ 33316:9 s ¼ 77419:7 for low velocity. These formulae (15) and (16) 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 the 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.

4. Results and discussion
In order to verify the accuracy of the computational scheme, the problem of erosion in a
4 in. diameter carbon-steel pipe was studied considering flow of water at 1408F at
average velocities in the range 1-15 m/s. In this problem, erosion occurs due to the
presence of sand particles of diameter 300mm at a rate of 0.1 ft3/day similar to the case
considered by McLaury et al. (1997). The results of the comparison are given in terms
of the penetration rate. The penetration rate, pn, is calculated using the following
equation (Wang et al., 1996; Shirazi et al., 1995a):

pn ¼ 31:536 £ 106 _s

rmNpA
E lc ð17Þ

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 (mm/year), _s is the sand
rate (kg/s) and rm is the density of target material (kg/m3). Figure 2 shows a
comparison between the penetration rates obtained using the present approach and
those obtained by McLaury et al. (1997) at different flow velocities. The figure indicates
reasonable agreement at low flow velocities, however, at high velocities, the deviation

Figure 2.
Comparison between the
penetration rate in a 4 in.
diameter carbon-steel pipe
obtained using the present
approach and those
obtained by McLaury et al.
(1997) for the case of water
at 1408F and particle
diameter of 300mm
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becomes considerable (reaching 60 percent at 15 m/s). It may be noted that the
calculations carried out by McLaury et al. (1997) incorporated a very simplified model
in which a representative particle impact velocity was obtained using a
two-dimensional particle tracking across the sublayer and buffer regions. The initial
velocity of the particle at the edge of the sublayer was approximated based on the axial
flow velocity as well as the turbulent fluctuating velocity at that location. Moreover,
the ratio of the number of the particles that impact the tube surface to the amount of the
sand flowing in the pipe was estimated via empirical models.

In the present study, erosion rates (mg/g) at the tubes tips of a fixed tube-sheet heat
exchanger have been obtained by predicting the fluid flow field at the tube-sheet,
calculating the trajectories of particles entrained in the flow field to extract impact data
and finally by relating the impact data to erosion wear using the semi-empirical erosion
model described above. In calculating the flow field, flow velocity in the range
0.1-2.6 m/s considered. Sand particles of diameter range 10-350mm were injected at the
header inlet section at the same velocity of the flow field.

The study provides in detail the distribution of relative erosion rate at the tip of each
tube as well as the total rate of erosion of all tubes and along each line (column) of tubes.
The influence of particle size is shown in Figure 3. Figure 3 shows the local erosion rate
distribution for three different particle sizes for a header inlet velocity of 0.5 m/s. The
figure indicates that the particle size has a large influence on the values of erosion rate
and its distribution among the tubes. The small size particles produce severe erosion at
low velocities because the scale of eddies produced near the tips of the tubes are too small
to involve large size particles. The erosion distribution is affected by the header walls as
no erosion was predicted to occur on the tips of a significant number of inner tubes.

The influence of the flow inlet velocity on the erosion rate for a particle size of
200mm is shown in Figure 4(a)-(d). The figure clearly shows that the rate of erosion
increases sharply with increased velocity. The distribution of eroded tubes tips is also
greatly influenced by the magnitude of the inlet velocity. This is attributed to the
influence of the magnitude of the inlet velocity on the direction and magnitude of the
particle impinging velocity at the tube surface. It is also indicated that the number of
eroded tubes is increased with the inlet velocity magnitude. The figures show clearly
that the location of the tubes which has serious erosion depends on the particle size and
velocity magnitude at the inlet section of the header.

Figure 5 shows the influence of the inlet flow velocity on the sum of the erosion rate
of all the tubes at different particle sizes. The figure shows the significant influence of
the inlet velocity. The erosion rate increases exponentially with the inlet velocity. The
erosion rate is less influenced by the particle size and this effect is again the function of
the inlet velocity and only shows some dependence at the low velocity range. At low
velocity, the influence of buoyancy is significant and therefore, the large-size particles
show less erosion rates compared to the small-size particles at low values of inlet flow
velocities as shown in Figure 5.

As shown in Figure 3, the erosion is not homogeneous among the tubes, therefore, it
is essential to plot the erosion rate for each row of tubes to indicate the lines of tubes
and the tube which has the serious erosion. Figure 6 shows the influence of the inlet
flow velocity on the erosion rate of the tube line that has maximum erosion rate at
different particle sizes. The figure confirms the results shown in Figure 5. Figure 7
shows the influence of the inlet flow velocity on the erosion rate of the single tube that
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Figure 3.
The pipe erosion rates for
particle diameters of 10,
200 and 350mm at inlet
flow velocity of 0.5 m/s
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Figure 4.
Pipe erosion rate for
particle diameter of

200mm at inlet flow
velocity of: (a) 0.128 m/s;
(b) 0.5 m/s; (c) 1.024 m/s;

and (d) 2.56 m/s(Continued)
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Figure 4.
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Figure 5.
Influence of inlet

flow velocity on total
erosion rate

Figure 6.
Influence of the inlet flow

velocity on maximum
erosion rate over a

tube line
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has maximum erosion rate at different particle sizes. The figure shows a significance of
both the inlet flow velocity and particle size.

5. Concluding remarks
Two mathematical models for the calculations of the flow velocity field and the motion
of the solid particles have been established. Inlet flow velocity ranged from 0.1 to
2.6 m/s and the study covered a range of particle diameters of 10-350mm. The results
show that the location and number of eroded tubes depend mainly on the particle size
and velocity magnitude at the header inlet. The rate of erosion depends exponentially
on the velocity at inlet section of the header. The particle size shows negligible effect on
the erosion rate at high velocity values and the large-size particles show less erosion
rates compared to the small-size particles at low values of inlet flow velocities.
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