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SUMMARY

Erosion is one of the major problems in many industrial processes, and in particular, in heat exchangers.
The e�ects of �ow velocity and sand particle size on the rate of erosion in a typical shell-and-tube
heat exchanger were investigated numerically using the Lagrangian particle-tracking method. Erosion
and penetration rates were obtained for sand particles of diameters ranging from 10 to 500 �m and for
inlet �ow velocities ranging from 0.197 to 2:95 m=s. A �ow visualization experiment was conducted
with the objective of verifying the accuracy of the continuous phase calculation procedure. Comparison
with available experimental data of penetration rates was also conducted. These comparisons resulted
in a good agreement. 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 e�ect 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 �ow velocities. The results indicated that the erosion and penetration rates are insigni�cant at
the lower end of the velocity range. However, these rates were found to increase continuously with the
increase of the inlet �ow velocity for all particle sizes. The particle size creating the highest erosion
rate was found to depend on the �ow velocity range. Copyright ? 2005 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Erosion is de�ned as the loss of material due to repeated application of mechanical forces
resulting from the impingement of solid particles on a surface. Erosion is one of the major
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problems in many industrial processes, and in particular, in heat exchangers utilizing seawater
for cooling purposes and oil and gas production facilities. It results in severe damage of
di�erent �ow passages causing frequent failure of various equipments and leading to higher
cost of maintenance as well as the loss of valuable production time. The erosion mechanism
can occur in the form of direct impingement erosion when the particles have signi�cant
momentum towards the walls such as heat exchanger tubes in shell and tube heat exchangers. It
can also occur in straight sections as a result of turbulent �uctuations that create a mechanism
known as random impingement.
The problem of erosion in heat exchanger tubes does not only a�ect the reliability and

overall performance of heat exchangers but also increases signi�cantly the cost of operation.
The previous work done on erosion in straight tubes, elbows and tees show the strong in�uence
of �uid properties, sand size and �ow velocity on the rate of erosion [1–7]. The recent
experimental study [8] on erosion in elbows and straight pipes provided correlations between
the penetration rate and the velocity at di�erent elbow diameters and sand rate and size.
Edwards et al. [9] reported the e�ect 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 di�cult problems faced in predicting the rate of erosion numerically is the

determination of the particle impact velocity, impingement angle and the frequency of sur-
face impacts. The numerical approach to erosion modelling constitutes a combination of �ow
modelling, Lagrangian particle tracking, and the use of erosion equations. This model, which
is sometimes called the Lagrangian approach, requires expertise in �uid dynamic modelling
and a large amount of computational work. In this approach, it is assumed that the particles
are not interacting within the �ow �eld. The conditions for this phenomenon correspond to
fairly dilute systems characterized by volume fractions (volume of solids=total volume) of less
than 10−3. 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 de�ni-
tions of averaged �uid quantities. Many authors [10–12] carried out comparisons between the
Lagrangian and Eulerian approaches. The utilization of computational �uid dynamics (CFD)
for obtaining the �ow �eld characteristics together with modelling particle trajectories using
Lagrangian simulation of particle motion can predict erosive wear in a complex geometry
such as that of multi-ori�ce choke valves [13].
Graham [14] summarized the approaches used for developing Lagrangian models in the

research conducted prior to 1996. Wang et al. [15] developed a computational model for
predicting the rate of erosive wear in a 90◦ elbow. The �ow �eld was �rst 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 �ow). The particle trajec-
tory and impacting velocity were then determined by solving the equation of particle motion
taking into consideration drag, buoyancy and virtual mass e�ects. The penetration rate was
then obtained using a semi-empirical relation that was previously developed [16]. A compar-
ison between the predicted penetration rates and the available experimental data showed a
good agreement.
McLaury et al. [8] extended the mechanistic model that was developed earlier for predicting

erosion in standard elbows [17, 18] to predict erosion in long-radius elbows. In that work, they
accounted for the elbow radius of curvature and for the e�ect of turbulent �uctuations of the
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�ow. Their results agreed well with the experimental data and the results obtained using a
general model consisting of a �ow 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
[19, 20]. In addition, the CFX code was used [21] for predicting erosion within oil�eld control
valves and the CFD code was used [9] to predict erosion in a pipe bend �tting 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 e�ect of various
parameters on erosion in that region. The present research work aims at studying the e�ect of
di�erent �uid �ow parameters on the rate of erosion at the entrance region of heat exchanger
tubes under conditions simulating the normal working conditions of a typical shell and tube
heat exchanger. The calculations of �ow 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 tube sheet. Figure 1 shows the geometry of the header. Flow enters the nozzle of the
heat exchanger header. Abrupt expansion occurs at connection with the header. Water then
�ows towards the tube sheet, Figure 2. The tube sheet has 38 tubes of diameter 19:8 mm
distributed in half a circle as shown in the �gure. Due to symmetry, only half of the tubes
were considered. Uniform inlet �ow velocity was considered. The �ow velocity ranged from
0.197 to 2:95 m=s. Sand particles of density 2650 kg=m3 having diameter in the range of
10–500 �m were considered.

Figure 1. The main dimensions of the computational domain of the shell-and-tube
heat exchanger (all dimensions in mm).
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Figure 2. The tube sheet showing the arrangement of heat exchanger tubes.

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 the
other parameters of the impact process [22–24]. 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 Lagrangian particle
tracking method is used to model the erosion process. 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.

3.1. The continuous phase model

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 [25, 26] 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

(� �Uj)=0 (1)
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Momentum conservation: The steady-state time-averaged equation for the conservation of
momentum in the i direction can be expressed as

@
@xj

(� �Ui �Uj) +
@
@xj

(�uiuj)=− @p
@xi

+
@
@xj

(
�
@Ui
@xj

)
(2)

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

−�uiuj=
[
�e�

(
@ �Ui
@xj

+
@ �Uj
@xj

)]
− 2
3
�k�ij (3)

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. The value of C� is derived using the mathematical model RNG ‘renormal-
ization group’ [27] to accurately describe the variation of turbulent transport with e�ective
Reynolds number, thus, providing better results for near wall �ows. The value of C� used in
the present study is therefore di�erent from the value 0.09 used for high Reynolds number.
k and � are the kinetic energy of turbulence and its dissipation rate. These are obtained by
solving their conservation equations as given below.

3.1.2. Conservation equations for the turbulence model. The conservation equations of the
turbulence model [28, 29] are given as follows:

The kinetic energy of turbulence:

@
@xj

(� �Ujk)=
@
@xj

(
�e�
�k
@k
@xi

)
+Gk − �� (5)

The rate of dissipation of the kinetic energy of turbulence:

@
@xj

(� �Uj�)=
@
@xi

(
�e�
��
@�
@xi

)
+ C�1Gk

�
k

− C�3� �
2

k
(6)

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�3 is
given [29] as 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. Thus, C�3
is expressed as

C�3 =C�2 +
C���3(1− �)=�o

1 + ��3
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with �= Sk=�; �o=4:38; �=0:012. S being a scalar measure of the deformation tensor given
by S=

√
2!ij!ij where

!ij=0:5
(
@uj
@xi

− @ui
@xj

)

The model constants C�1 and C�2 have the values; C�1 = 1:42 and C�2 = 1:68.
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
[30] and have been most widely used for industrial �ow modelling. Sensitivity analysis was
performed using di�erent wall treatments including standard wall function, non-equilibrium
wall functions employing the two layer concept and the near wall treatment model. It is
found that the in�uence of wall parameters on the velocity magnitude (particularly at the high
values of the velocity) and consequently on the erosion rates is insigni�cant.

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 speci�ed value of
√
k= �U

2
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 �ow. 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 simultane-
ously over a typical volume that is formed by division of the �ow �eld into a number of
control volumes, to yield the solution. Calculations are performed with at least 200 000 ele-
ments considering �ne 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%. Due to the com-
plexity of the problem, a hybrid (upwind central di�erencing) scheme was used rather than a
higher order scheme. The grid independence tests were performed by increasing the number of
control volumes from 200 000 to 418 000 in two steps; 200 000–301 000 and 301 000–418 000.
The velocity magnitudes of the di�erent cases of mesh sizes were compared at the symmetry
plane and close to the inlet to the heat exchanger tubes. The in�uence of re�ning the grid on
the continuous-phase velocity �eld is less than 1.5% and indicates that more mesh re�nement
will result in negligible changes in the results of the computational model. It should be noted
here that the erosion rate depends fully on the velocity magnitude and angle. Therefore, the
accurate prediction of velocity results in accurate prediction of erosion rates.

3.2. Particle tracking

The particle impact velocity is obtained by determining the particle trajectory from the mo-
ment 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. More-
over, the in�uence of particle motion on the �uid �ow �eld is considered very small and
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can be neglected. These two assumptions are based on the condition of fairly dilute particle
concentration. The same assumptions were made [9, 13, 18, 19, 31, 32] in the solution of sim-
ilar problems of low particle concentration (less than 2–3% by weight). It is also assumed
that the in�uence of continuous phase turbulence on particle impact velocity and angle close
to the wall is neglected in comparison to the mean �ow e�ect. This assumption was consid-
ered by many other investigators [9, 15, 20, 21]. This assumption is justi�ed by analysing the
experimental results [33] where random erosion downstream of sudden expansion does not
exceed 2.5% as compared to impingement erosion. This justi�es neglecting the in�uence of
the continuous phase turbulence on particle impact velocity and angle compared to the mean
�ow in�uence.
Taking the main hydrodynamic forces into consideration, the particle equation of motion

can be written as

dup
dt
=FD(u− up) + g(�p − �)=�p + Fvm + Fpg + F sl (8)

where FD(u − up) is the drag force per unit particle mass and FD =3CD�Rep=4�pD2p,
g(�p − �)=�p is the buoyancy force term, Fvm is the virtual mass term (force required to
accelerate the �uid surrounding the particle), Fpg is the pressure gradient term and F sl is the
Sa�man lift force [34]. The Magnus lift force (resulting from particle rotation) and the Basset
history force (the force accounting for the �ow �eld unsteadiness) have been neglected. The
particle Reynolds number, Rep, and the drag coe�cient, CD, are obtained from

Rep =
�Dp|up − u|

�
(9)

CD = a1 +
a2
Rep

+
a3
Re2p

(10)

where the a1, a2 and a3 are constants given [35] for smooth spherical particles over several
ranges of Re. Another equation that is frequently used for CD [36] is given by

CD =
24
Rep

(1 + b1Reb2p ) +
b3Rep
b4 + Rep

(11)

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 forces in Equation (8) are the drag force [9], the buoyancy force
and the virtual mass force. Other forces given in Equation (8) are of small order of magnitude
and are 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 expre-
ssed as

Fvm =
1
2
�
�p
d
dt
(u− up) (12)

and is important when the �uid density and particle density are similar. In this study, the
virtual mass force is considered.
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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
= up (13)

where r is the position vector. The above equation is integrated in each coordinate direction
to predict the trajectories of the discrete phase.

3.2.2. Discrete phase boundary conditions. The boundary conditions considered when a par-
ticle strikes a boundary surface depends on the nature of that surface. When re�ection via
an elastic or inelastic collision occurs, the normal coe�cient of restitution which de�nes the
amount of momentum in the direction normal to the wall that is retained by the particle after
colliding with the boundary [37] is taken as 0.9 in the present calculations for the cases of
re�ection at a wall. The calculations of the particle trajectory are terminated at the point when
it passes through an open boundary (the exit 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. 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.

3.3. The erosion model

The previous experimental results [24, 38] 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. 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 [17, 18, 33, 39]. 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
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 [9, 19, 40–42].
The empirical erosion equations suggested [43] were used [13] to correlate the experimental

erosion data to provide an erosion modelling technique. Wallace et al. [13] provided the
following formula that proved to provide good results as compared to the experimental data:

E =
1
Np

{
1
2u
2
p cos

2 � sin 2�
	

+
1
2u
2
p sin

2 �
�

}
�645 (14)

E =
1
Np

{
1
2u
2
p cos

2 �
	

+
1
2u
2
p sin

2 �
�

}
�¿45◦ (15)
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	 and � are the cutting wear and deformation wear coe�cients 	=33316:9; �=77419:7 for
low velocity [13]. This formula is valid for target material of carbon steel and is 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 calculations
of the continuous phase and the particle tracking were obtained using the Fluent CFD-5.5
package [44]. The ability to predict erosion was provided by the authors through FORTRAN
subroutines that are used along with the CFD code.

3.4. The penetration model

The local penetration rate is one of the important erosion parameters since it represents the
depth of wear at various locations on the solid surface. In this work, the inner volume of the
inlet header was discretized using a large number of �nite volumes (cells). 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 [15, 17]:

Pn=31:536× 106
:
s
�mA

Elc (16)

where A is the impingement area (m2), Elc is the local erosion rate (mg=g), Pn is the penetra-
tion rate (mm=year), ṡ is the sand rate (kg=s) and �m is the density of target material (kg=m3).
The results obtained for erosion and penetration rates in the header of a shell-and-tube heat
exchanger are presented in the following sections.

4. FLOW VISUALIZATION EXPERIMENTS

Flow visualization experiments were conducted to validate the numerical scheme used for
modelling the continuous phase �ow �eld for the shell-and-tube heat exchanger. The �ow
�eld in the heat exchanger inlet header was visualized by injecting �ne solid particles that
were illuminated using a two-dimensional laser light sheet. The particle trajectory traces were
photographed using a high-speed digital camera. The experimental setup is composed of two
main parts, namely, the �ow loop and the test section. Figure 3 shows a schematic of the �ow
loop together with the names of various components. As can be seen in Figure 3, the �ow loop
is a closed-type loop that consists of a pump, a piping system and two reservoirs. The lower
reservoir is made of �breglass and has a total volume of 1 m3. The upper reservoir is used
as a settling chamber that is utilized to minimize the lateral �ow �uctuations and unsteady
�ow oscillations in order to provide a steady uniform �ow at the inlet of the header nozzle.
The piping system is made of 2-inch PVC pipes and is equipped with three valves. The two
gate valves are used as suction and delivery valves installed immediately before and after
the pump and the ball valve is installed downstream of the heat exchanger. Water is pumped
from the lower reservoir to the settling chamber and back to the lower reservoir through the
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Figure 3. The �ow visualization experimental setup: schematic of the �ow loop.

test section. The pump delivery valve together with the ball valve (installed downstream of
the test section) are used to control the volume �ow rate in the test section.

5. RESULTS AND DISCUSSION

5.1. Validation

Figure 4(a) shows the visualized �ow pattern in a transverse vertical section of the inlet header
parallel to the tube sheet, and located at the middle section of the inlet pipe. The �ow pattern
shows a jet-like �ow issuing from the inlet pipe and impacting the header base plate creating
a three-dimensional stagnation �ow zone that resembles Hiemens �ow [45]. Due to the curved
(cylindrical) walls of the inlet header, two counter-rotating vortices appeared on both sides
of the jet. The exact size and shape of these vortices depend on the inlet �ow velocity as
well as the shape and size of the inlet header. The �ow velocity vectors at the same section
were predicted using the continuous phase model. The model prediction was performed to
simulate the same experimental conditions. These conditions included the same inlet �ow
velocity (Vi = 0:3 m=s) and the same �uid properties. Figure 4(b) shows the computational
prediction of the �ow pattern which is close to the visualized pattern shown in Figure 4(a).
It is worth mentioning that the computational prediction shows the velocity vectors at various
points of the �ow �eld while the visualized pattern shows traces of the small wooden particles.
Moreover, the computational prediction shows the mean velocity vectors at various points of
the chosen section since the governing equations are of time-averaged Eulerian type. As can
be seen in Figures 4(a) and (b), the predicted �ow patterns are in good agreement with the
visualized ones indicating the accuracy of the computational model.
To verify the accuracy of the computational scheme, calculations of the erosion rate for

pipe contraction were performed and the results were compared with the experimental data of
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Figure 4. Comparison between the visualized �ow pattern and the computed velocity vectors at a
transverse vertical section of the inlet header: (a) visualized traces of particle trajectories photographed

at the middle section of the inlet pipe; and (b) the computed velocity vectors.

Postlethwaite and Nesic [33]. The pipe sudden contraction simulates the tube sheet in the heat
exchanger. The experimental data were obtained for a pipe contraction ratio of d=D=0:5. The
large tube has a 42:1 mm diameter and an inlet velocity of 3:3 m=s. Three values of particle
concentration of 2, 5 and 10%, by volume, were considered. The sand particle diameter was
430 �m. Short 3-mm segments were used at the inlet region of the sudden contraction to
determine the penetration rate. In the present calculations, the step height was divided to
1000 discs, then, data were integrated to give the results over a disc of 3 mm width having
its inner diameter as the smaller tube. Stochastic tracking was utilized and a total of 30 trials,
each injected at a random basis, was conducted. The results were averaged to obtain the
particle impact velocity and angle. The results of the comparison are given in Figure 5 in
terms of the penetration rate. The comparison shown in Figure 5 indicates a reasonably good
agreement. Validation was also conducted against the results of Blatt et al. [46] for sudden
contraction of 0.5 diameter ratio. The particle volume percent was 0.1%. Comparison was
made at di�erent velocity values as shown in Figure 6 and again shows good agreement.

5.2. The �ow velocity �eld

The continuous-phase model was applied to predict the details of the �ow velocity �eld inside
the inlet header of the shell-and-tube heat exchanger using water as the �uid medium. The
lengths of the heat exchanger tubes downstream of the header are shorter than those in the
prototype but long enough to achieve fully developed turbulent �ow. This was mainly done to
reduce the size of the computational domain without a�ecting the accuracy of the computed
�ow velocity �eld. The �ow velocity at the header inlet nozzle, Vi, ranged from 0.197 to
2:95 m=s with the intermediate values of 0.3, 0.64 and 1:31 m=s. It is worth mentioning that
the typical velocity for the considered heat exchanger operating condition is 0:64 m=s. The
lower and upper bounds of the considered velocity range correspond to the limits of serious
fouling and erosion conditions [47]. Because of the header geometry and the considered range
of inlet velocity, the resulting �ow is turbulent and three-dimensional. To provide some details
of the �ow velocity �eld, the velocity contours (coloured by velocity magnitude) at the plane
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Figure 5. Comparison of the calculated penetration rate and the experimental
data of Postlethwaite and Nesic [33].

of symmetry are plotted in Figure 7(a) for the case of Vi=0:64 m=s. The �gure indicates
almost uniform velocity distribution in the inlet pipe, low velocities (less than 0:2 m=s) near
the upper wall of the header and reaching about 0:4 m=s in the core region. As the water
jet impinges the header bottom, it is partially diverted towards the tube sheet and partially
towards the circulating �ow zone at the opposite side of the tube sheet. The �gure shows
two large vortices of opposite direction at the boundaries of the inlet �ow jet. These are
created by the entrained �ow in the low velocity regions at the two opposite sides of the jet.
The �ow near the tube sheet becomes streamlined to enter the di�erent tubes. A close view
of the velocity contours upstream and downstream of the tube entrance section is shown in
Figure 7(b). The �gure clearly shows that the �uid velocity accelerates upstream of the tube
inlet section and that acceleration continues until reaching the maximum velocity at a distance
of approximately one tube diameter downstream of the tube inlet section.
Although the prevailing �ow velocity in the header is much less than Vi, the velocity in the

immediate neighbourhood of the tube sheet (towards the tube inlet section) is higher than Vi
and becomes much higher downstream of the tube inlet section (the vena contracta e�ect).
The �gure also shows two regions of low velocity located at the top and bottom corners of
the header close to the tube sheet. The directions and magnitudes of the velocity vectors at
the tube inlet section are dependent on the tube position. For the sake of presenting the three-
dimensional character of the �ow �eld inside the inlet header, the pathlines (stream traces) of
a limited number of �uid particles are plotted in Figure 8 for the same case of Vi=0:64m=s.
Because of symmetry, the pathlines are only plotted in one half of the header. The �gure
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Figure 6. Comparison of the calculated penetration rate and the experimental data of Blatt et al. [46].

Figure 7. The velocity contours at the plane of symmetry in the header of the shell-and-tube heat
exchanger for the case of Vi=0:64m=s: (a) velocity contours at the header plane of symmetry; and

(b) velocity contours near the pipe inlet section.

re�ects the complexity of the �ow pattern that possesses vortical-type motions in di�erent
regions of the header. These vortical=swirling motions may be responsible for the high �uid
velocity in the vicinity of the tube inlet section.
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Figure 8. Three-dimensional pathlines for a number of �uid particles in one half of the header of the
shell-and-tube heat exchanger for the case of Vi=0:64 m=s.

5.3. The particle tracking results

To determine the rate of erosion using erosion models, the details of particle motion are
needed before each impact including particle trajectory, particle velocity and impact angle.
In this approach, a large number of sand particles (426 particles of density of 2650 kg=m3)
were �rst spread uniformly at the header inlet section and then set to move with the water
stream inside the header. The number of injected particles is limited by the number of control
volumes at the entrance section which is 426 volumes. The initial particle velocity at the time
of release was equal to the local �ow velocity. Some of these particles made several impacts
with various surfaces before entering the heat exchanger tube while a few others dismissed
without making a single impact. The trajectory of the particle and its residence time are shown
in Figure 9. The residence time is de�ned as the time taken from the moment a particle is
released until it leaves the heat exchanger tubes.
The e�ect of inlet �ow velocity on particle trajectory for a small number of particles is

shown in Figures 9(a), (b) and (c) for inlet velocities of 0.3, 1.31 and 2:95m=s, respectively.
In this case, the particle size was kept unchanged (Dp = 200 �m) for all three velocities. For
the majority of the solid particles, the particle residence time decreases with the increase of the
�ow velocity at the header inlet. At high velocity, the particle gain more momentum and their
velocity increase, thus the residence time decreases. The calculations have also shown that a
larger number of impacts occur as the velocity at the header inlet gets higher. This is expected
because of the increase of the vortical-type �uid motion in the header. Such increase creates
more changes in the direction of �uid motion that results in more solid particles impacting
the surface. As well, for low velocity, the large diameter particles tend to reside at the base
of the header. As the velocity increases, this is signi�cantly reduced and cause particles to
move and cause more impacts at the tube sheet.
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Figure 9. The e�ect of inlet velocity on the trajectories of a number of sand particles released at the
same time at the inlet section of the shell-and-tube heat exchanger header for the case of Dp = 200�m:
(a) inlet velocity Vi=0:3 m=s; (b) inlet velocity Vi=1:31 m=s; and (c) inlet velocity Vi=2:95 m=s.

5.4. Erosion rates

As presented earlier in Figures 1 and 2, the inlet header has a semi-circular section with
a tube sheet containing a total of 38 tubes arranged in four rows. The number of tubes in
each of the four rows (from the lowest row up) is 11, 10, 9 and 8, respectively. Because
of symmetry about plane A–A, the erosion rates will be determined in one half of the �ow
domain. Figure 10 shows the erosion rate (in milligram per gram of solid particles) in each
tube inlet region for the four rows considering particles of diameter Dp = 200 �m and inlet
velocities of 1.31 and 2:95 m=s. Negligible erosion in all tubes was indicated for inlet �ow
velocities up to 0:64 m=s and, therefore, are not presented in Figure 10. The erosion rates at
inlet to the tubes became appreciable when the inlet velocity increased to 1:31 m=s. In this
case, the tube su�ering maximum erosion is tube #5 in the third row as shown in Figure 10(a)
where the erosion rate reached 2:78× 10−8 mg=g. For the high inlet velocity of Vi=2:95m=s,
the erosion rates became considerable as shown in Figure 10(b). The highest erosion rates are
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(a) (b)

Figure 10. The e�ect of the inlet velocity, Vi, on the erosion rate in the tubes of the shell-and-tube heat
exchanger for the case of Dp = 200 �m: (a) Vi=1:31 m=s; and (b) Vi=2:95 m=s.

found to occur in tubes #1 and 5 of the second row (tube #1 is the tube in the second row near
the plane of symmetry A–A shown in Figure 2). These erosion rates reached 2:4× 10−7 mg=g
in tube #1 and 1:9× 10−7 mg=g in tube #5. The other tubes experiencing moderate erosion
are those #1; 2; 3; 4 and 5 in the �rst row where the erosion rates range from 5× 10−8 to
1:25× 10−7mg=g. The increase in erosion rate with inlet velocity is mainly due to the increase
in the number of impacts as well as the impact velocities caused by the change in the �ow
structure as manifested by the trajectories shown in Figure 9. The �gure also shows that most
of the particles impingements occur on the �rst and second rows. This explains the high rate
of erosion in these two rows.
The e�ect of inlet �ow velocity on the total erosion rate (erosion rate summed up for all

tubes) is shown in Figure 11 for the three particle sizes (Dp = 10, 200 and 350 �m). At the
very low velocity of 0:197m=s, the total erosion rate for the large particle size (Dp = 350�m)
is insigni�cant (does not appear in the �gure because of its very small value). On the other
hand, the small particles (Dp = 10 �m) cause more erosion than the moderate size particles
of diameter 200 �m at this velocity. This trend can be explained based on the fact that large
particles settle down on the base plate of the inlet header when the �ow velocity is small.
This occurs mainly because gravity forces outweigh the hydrodynamic forces acting on the
particle at low �ow velocities. Accordingly, very few particle impingements occur at the tube
inlet region in the cases of moderate and large particle sizes. At the moderate velocities of
0:64 and 1:31 m=s the total erosion rates are almost the same for all particle sizes as shown
in Figure 11. The same trend is noted at the high velocity of 2:95 m=s, however, with larger
di�erences in the total erosion rates. The highest erosion rate (8:0× 10−7 mg=g) is caused by
the moderate size particles while the lowest rate (4:4× 10−7 mg=g) is caused by the large size
particles.
The total erosion rate occurring in the line (row) of maximum erosion (erosion rate summed

up for all tubes in the row of maximum erosion) is shown in Figure 12 for di�erent inlet �ow
velocities and di�erent particle sizes. The increase of the total erosion rate is quite expected
because of the increase in the particle impact velocity as the inlet �ow velocity increases. The
dependence of erosion rate on particle impact velocity is clear in Equations (14) and (15).
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Figure 11. E�ect of inlet �ow velocity on the total erosion rate for the three
particle sizes, Dp = 10; 200, and 350 �m.

The �gure also shows the same maximum line erosion rate for all particle sizes at low �ow
velocities (up to 1:31 m=s). The resulting maximum line erosion rate is almost the same for
all particle sizes with some di�erences at the high velocity of 2:95 m=s. The e�ect of �ow
velocity and particle size on erosion in the most critical tube (tube of maximum erosion) is
shown in Figure 13. The �gure clearly shows the continuous increase in the erosion rate with
the increase of the �ow velocity for all particle sizes. At low velocities, erosion in the most
critical tube is insigni�cant for all particle sizes (does not exceed 10−9 mg=g) and the highest
erosion is caused by small particles (Dp = 10 �m). This can be explained based on the fact
that small particles follow the motion of the �uid stream at low �ow velocity because of
their insigni�cant buoyancy forces. In this case, the impact velocity of small particles is of
the same order of magnitude of the �ow velocity. However, for large particles, the buoyancy
forces are signi�cant at this low velocity and some of these particles will settle on the base
plate, thus causing less number of impacts in the tube entrance region. This was indicated
by the number of particles escaping through the tubes where this number decreased as the
particle size increased. As the velocity increases, the signi�cance of the buoyancy of the large
size particles decreases and higher erosion rates occur. This is shown in the �gure where,
in the range of moderate velocities (0:64 and 1:31 m=s), the highest erosion rate in the most
critical tube is caused by the large size particles (Dp = 350 �m). However, at the high �ow
velocity of 2:95 m=s, the highest erosion rate (2:28× 10−7 mg=g) is caused by the moderate
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Figure 12. Variation of the total erosion rate in the line of maximum erosion with inlet �ow
velocity for the three particle sizes.

size particles (Dp = 200 �m) and the lowest erosion rate (7:81× 10−8 mg=g) is caused by the
large size particles (Dp = 350 �m). It should be emphasized here that the e�ect of particle
size on the erosion pattern and erosion rate is governed by many factors. For example, the
amount of erosion caused by unit mass of particles depends on the erosion caused by each
impact as well as the number of impacts. As the particle size increases the number of particles
(per unit mass) gets less causing less number of impacts. In addition, the particle size has a
direct e�ect on the particle trajectory, point of impact, velocity of impact and angle of impact.
In particular, for the tube of maximum erosion, Figure 12, the erosion rate is signi�cantly
in�uenced by the type of trajectory of particles that, in turn, in�uences the number of impacts
on a certain tube. The trajectory depends on the particle size and �ow velocity. All these
factors have considerable e�ect on the erosion pattern and erosion rate.
To show the e�ect of particle size on the erosion characteristics in the inlet region of the

heat exchanger tubes, Figure 14 is plotted with its abscissa representing the particle diameter
and its ordinate representing the total erosion rate, the maximum line erosion rate (erosion rate
summed up for all tubes in the row of maximum erosion) and the maximum tube erosion rate.
The results shown in the �gure are obtained for the typical inlet �ow velocity of 0:64m=s. At
this velocity, the highest total erosion rate reached a value of 5:3× 10−8 mg=g and occurred
when using sand particles of diameter Dp = 100 �m. Smaller and larger particles caused less
erosion. The trend is very much the same for both maximum line erosion rate and maximum
tube erosion rate where the highest value occurred at the same particle diameter. The maximum
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Figure 13. Variation of erosion rate in the most critical tube (tube of maximum erosion) with
inlet �ow velocity for the three particle sizes.
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Figure 15. In�uence of inlet-header velocity on maximum tube-penetration.

line erosion rate reached about 1:5× 10−8 mg=g while the maximum tube erosion rate reached
10−8 mg=g. The results for particle trajectory show that the number of particles having impact
on the tube sheet decreases as the particle size increases. This explains the general decay (apart
from size Dp = 10 �m) of erosion rate shown in Figure 14 as the particle size increases.

5.5. Penetration rates

The local penetration rate represents the depth of wear due to metal removal caused by the
erosion process. Figure 15 shows the maximum tube penetration rate and its variation with inlet
�ow velocity and particle size for the shell-and-tube heat exchanger. The calculations were
carried out for the same four values of the inlet �ow velocity (0.197, 0.64, 1.31 and 2:95m=s)
and also the same three particle sizes (Dp = 10, 200 and 350�m). In all calculations, the sand
�ow rate was taken as 5:66 × 10−3 m3=day that corresponds to 0.0003% sand concentration
(by volume) for the case of typical velocity value of 0:64 m=s. The �gure shows a very
small penetration rate (Pn¡0:01 mm=year) for all particle sizes at the low �ow velocity of
0:197 m=s. At the typical inlet �ow velocity of 0:64 m=s, the maximum tube penetration rate
ranges between 0.04 and 0:08 mm=year. When the �ow velocity increased to 1:31 m=s, the
maximum tube penetration rate reached its highest value of 0:378 mm=year for the large size
particles (350�m) and found to be much less for the other two sizes (about 0:28mm=year for
the 10�m particles and 0:18mm=year for the 200�m particles). At the highest �ow velocity of
2:95m=s, the maximum penetration rate was caused by moderate size particles (1:73mm=year)
while that for large particles increased to about 0.6 mm=year. The maximum tube penetration
rate caused by small particles was increased to 1:23 mm=year at this high �ow velocity. The
dependence of penetration rate on �ow velocity is obvious since higher impacting velocity
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Figure 16. In�uence of particle size on maximum tube-penetration for inlet velocity of 0:64 m=s.

causes more erosion and more penetration. However, the e�ect of particle size on the rate of
penetration is in�uenced by many factors as explained in Section 5.4.
At the typical inlet �ow velocity of 0:64 m=s, the e�ect of particle size on the maxi-

mum tube penetration rate, (Pn)max, was investigated considering six di�erent particle sizes
(Dp = 10; 50; 100; 200; 350 and 500 �m). The variation of (Pn)max with particle diameter is
shown in Figure 16. The values of (Pn)max ranged from 0:04 to 0:088 mm=year with the
minimum occurring for particles of diameter 500 �m. Particle sizes between 50 and 350 �m
created maximum penetration rates ranging between 0.064 and 0:088 mm=year as shown in
Figure 16. The occurrence of minimum erosion when using heavy particles at the low veloc-
ity of 0:64 m=s is quite expected due to the large contribution of the gravitational force that
causes a good percentage of the solid particles to reside on the base plate of the inlet header.

6. CONCLUDING REMARKS

The e�ects of �uid �ow velocity and sand particle size on the rate of erosion in shell-and-
tube heat exchangers have been investigated using the Lagrangian particle tracking method.
A �ow visualization experiment was conducted with the objective of verifying the accuracy
of the continuous phase model. The comparison between the visualized �ow patterns and the
computed velocity vectors resulted in a reasonably good agreement. The erosion results were
validated by comparing the calculated penetration rates with available data of �ow in pipes
with sudden contraction.
The erosion behaviour in the shell-and-tube heat exchanger was predicted for �ow veloc-

ities in the range 0.197–2:95 m=s considering sand particles of diameters ranging from 10
to 500 �m. The erosion rate was found to increase with the increase of the inlet �ow ve-
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locity for all particle sizes. Erosion in the most critical tube is insigni�cant (did not exceed
10−9 mg=g) at the low velocity of 0:197 m=s and the highest erosion was caused by small
particles (Dp = 10 �m). In the range of moderate velocities (0.64 and 1:31 m=s), the highest
erosion rate in the most critical tube was caused by the large size particles and was slightly
less for the other two particle sizes. For the high velocity of 2:95m=s, the highest tube erosion
was caused by moderate size particles (Dp = 200 �m) and was slightly less for the small size
particles (Dp = 10�m). For the typical inlet �ow velocity of 0:64m=s, the highest total erosion
rate reached a value of 5:3× 10−8 mg=g.
The maximum tube penetration rate for the shell-and-tube heat exchanger was calculated

for all particles sizes in the same �ow velocity range assuming a constant sand rate of
5:66× 10−3 m3=day. At the low �ow velocity of 0:197 m=s, the penetration rate was very
small (less than 0:01mm=year) for all particle sizes. At the typical inlet velocity of 0:64m=s,
the maximum tube penetration rate ranged between 0.06 and 0:09 mm=year with the highest
occurring for particles of diameters between 50 and 350�m. When the �ow velocity increased
to 1:31 m=s, the maximum tube penetration rate reached its highest value of 0:378 mm=year
for the large size particles (350�m) and found to be much less for the other two sizes (about
0:28 mm=year for the 10 �m particles and 0:18 mm=year for the 200 �m particles). At the
high �ow velocity of 2:95 m=s, the maximum penetration rate was caused by moderate size
particles (1:73 mm=year) while that for large particles increased to about 0:6 mm=year.

NOMENCLATURE

A impingement area de�ned in Equation (16)
b constant de�ned in Equation (11)
CD drag coe�cient
C� constant de�ned in Equation (4)
C�1 constant de�ned in Equation (6)
C�3 constant de�ned in Equation (8)
D diameter of the large tube of the sudden contraction simulating Postlethwaite and

Nesic [33]
Dp solid particle diameter
d diameter of the small tube of the sudden contraction simulating Postlethwaite and

Nesic [33]
E the rate of erosion (mg=g)
Elc local rate of erosion (mg=g)
F force
Gk generation of turbulent kinetic energy
g gravitational acceleration
k turbulent kinetic energy
mp mass of individual particle
Np total number of particles being tracked de�ned in Equation (14)
p pressure
Pn penetration rate de�ned in Equation (16)
Rep particle Reynolds number
s surface area
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ṡ sand rate de�ned in Equation (16)
�Uj average velocity component
u �uid velocity vector
uj �uctuating velocity component
up particle velocity
Vi �ow velocity at the header inlet nozzle
Vmag magnitude of velocity (m=s)
xj space coordinate
t time

Greek letters

� the impact angle
	 the cutting wear coe�cient
� dissipation rate of turbulent kinetic energy
� dynamic viscosity
� density
�m density of target material
� the deformation wear coe�cient
�k e�ective Prandtl number for k
�� e�ective Prandtl number for �

Superscript

— time average

Subscripts

D drag
f �uid
sl Sa�man lift
p particle
pg pressure gradient
vm virtual mass
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